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Abstract
Fe K-edge Extended X-ray Absorption Fine Structure (EXAFS) 
spectroscopy was used to investigate the metal-cluster structure of both the 
Mo-containing (Av1) and V-containing (Av1) nitrogenase component 1 proteins 
of Azotobacter vinelandii in their as-isolated and thionine-oxidized states.
Using the EXAFS data, plausible distance assignments were made for the 
cofactor clusters It was shown that small but consistent distance changes 
occur in both Av1 and Av1' upon thionine oxidation. Furthermore, the EXAFS 
of Av1' is very similar to that of Av1, supporting the proposal that the two 
proteins have homologous metal cluster structures
Fe K-edge and Mo K-edge EXAFS were used to examine various 
spectroscopically definable redox states of Av1. It was found that the average 
metal-metal distances contracted somewhat upon reduction. Also, a split-shell 
EXAFS analysis was conducted in an attempt to resolve P-cluster and M-center 
Fe-Fe interactions.
Electron Paramagnetic Resonance (EPR) studies of thionine-titrated Av1 
were conducted which verified the existence of S = 1/2 and proposed S = 5/2 
EPR signals assigned to the singly-oxidized P-cluster, or P+ A probabilistic
theoretical model was proposed to explain P-cluster oxidation behavior in the P
n 2 +P range
Oxidative titrations were performed on enzymatically reduced Av1' and 
monitored by EPR spectroscopy. The oxidation behavior of Av1' is similar, but
not identical to that of Av1, in that it follows a consecutive rather than a random 
model for the P* P2* oxidation. Also, a recently characterized Av1’ variant 
called Av1 A exhibited unique behavior during oxidative titrations We believe 
we observe EPR spectral evidence of a redox-gated electron transfer between 
the P-cluster and the M-center.
vii
Chapter 1 Introduction 
1.1 Nitrogen Fixation
Nitrogenase catalyzes the bioreduction of dinitrogen to ammonia, and is 
the basis for the biological nitrogen cycle. The importance of the nitrogen cycle 
cannot be overstated, since higher species are unable to reduce nitrogen to 
ammonia, and depend on single-celled nitrogen fixing organisms to supply it. 
Nitrogenase is found in bacterial root nodule symbionts of leguminous plants, 
some phytoplankton, and certain bacteria. The work presented here was done 
with nitrogenase isolated from the free-living soil bacterium Azotobacter 
vinelandii.
1.2 History
The symbiotic relationship between leguminous plants and nitrogen fixing 
root nodule bacteria was reported in 1884.1 The bacterium responsible was 
successfully cultured in 1888, although the isolated organism was unable to fix 
nitrogen, apparently because of high oxygen partial pressure in the cultures.2 
Modern quantitative studies of nitrogen fixing bacteria date to 1951, when it was 
shown that cultures of the free-living soil bacterium Clostridium pasteurianum 
which were supplied with 15N2 produced abundant isotopically enriched 15NH3.3
In-vitro nitrogen fixation was first achieved in 1960 with cell-free extracts of 
Clostridium pasteurianum which were maintained under anaerobic conditions.4 
By 1965, Mortenson5 and coworkers had shown that the nitrogenase enzyme 
consists of two different separable metalloproteins called component 1 and 
component 2. Component 1, also called the MoFe protein, since it contains Mo
1
2
and Fe, has a molecular weight of 220,000 to 240,000, depending on the species 
of origin, and has been shown to be the site of substrate reduction. Component 
2, called the Fe protein (it was shown to contain Fe) has an approximate 
molecular weight of 60,000, depending on the species. Its catalytic function is to 
supply electrons to component 1.
Commonly accepted nomenclature for nitrogenase includes component t 
and component 2, the MoFe and Fe proteins, and abbreviations using the initials 
of the parent organism in genus species form Thus the component 1 protein of 
Azotobacter vinelandii is called Av1, and the component 2 protein is called Av2
The nitrogen reduction process requires component 1, component 2, 
Mg ATP, and a source of electrons6"8 In vivo, the source of electrons is thought 
to be another metalloprotein such as a ferredoxm, but in vitro Na2S20 4 (sodium 
dithionite, sodium hydrosulfrte, or DTN) is usually used as an electron donor. The 
catalytic process involves the association of reduced component 2 with 
component 1, and the transfer of an electron to component 1 from component 2, 
Each association has been shown to result in the transfer of only one electron, 
and for each one transferred, 2 MgATP are hydrolyzed to MgADP by the 
component 2 protein.79 Also, for every mole of N2 reduced, 1 mole of H2 is 
produced So, at optimal electron flux, the equation for nitrogen reduction in vitro 
is:
N2 + 2H* + 16MgATP + 8e -► 2NH3 + H2 + 16MgADP + 16P,
3
Nitrogenase also reduces numerous other substrates, including acetylene, 
azide, methylisocyamde, and cyclopropene 10-13 In fact, the ability to reduce 
acetylene to ethylene has been adopted as one standard for reporting 
nitrogenase specific activity, since ethylene is easily detectable by gas 
chromatography.
The specific catalytic mechanism of nitrogenase seems to be flux 
dependent, that is, the allocation of electrons to substrates depends on the 
component 1 to component 2 ratio.14 In the presence of N2 and protons in 
solution, a high component 1 to component 2 ratio will result in low electron flux, 
with most or all of the electrons going to reduce protons to hydrogen gas rather 
than dinitrogen to ammonia Conversely, a large excess of component 2 will 
result in high flux, and nitrogen will be reduced to ammonia, but one mole of 
hydrogen gas is always produced, even at "optimal" electron flux.
Pre-steady state and steady state kinetic studies by Thorneley and Lowe 
have resulted in a proposed kinetic scheme for nitrogenase.15-19 A large number 
of "En" states (E0 to E7) have been proposed in the scheme, each with its own 
catalytic competence. Only the states E3 and above are proposed to be involved 
in the reduction of dinitrogen, although E2 is able to reduce protons to H2. To 
date, no one has reported conclusive spectral evidence of the En states higher 
than E, in the component 1 protein. In the MoFe protein, E0 is an EPR-active 
state with S = 3/2, and reduction of the MoFe cluster results in the loss of this 
signal. A steady state turnover mixture at low electron flux results in attenuation
4
of the MoFe cofactor signal by 50%, which is generally accepted to occur by the 
mechanism of the cofactor going to the 1 electron reduced form E ,, and then to 
the 2 electron reduced form E2, which evolves H2 and quickly decays to E0. 
Since the E2 state is so short lived, and decays to E, before another Av2 can bind 
and reduce it to E3, the steady-state turnover mixture has essentially only E0 and 
E, present at any given time. Since E, is EPR silent, a spectrum of a low flux 
turnover mix is attenuated to 50% of the spectral amplitude of a resting state Av1 
sample
1.3 The Nitrogenases ol Azotobacter vinelandii
The most dramatic recent breakthrough in nitrogenase research was the 
publication of a crystal structure of the component 1 protein of Azotobacter 
vinelandii (Av1)20-22 Rees and coworkers have published a crystal structure for 
the entire protein, and have also presented models for the nitrogenase metal 
clusters at 2 2 A resolution (Figure 1.1), Av1 is an a ;f}: tetramer, with a molecular 
weight of approximately 220,000. Each of the u subunits contains one Fe8S9Mo 
cluster, or FeMo cofactor. Each cofactor, also called M-center or FeMoco, is 
ligated through Mo to the imidazole nitrogen of histidine at one end and ligated 
through Fe to a cysteine residue on the opposite end. The Mo in the "nose" of 
the cofactor is coordinated octahedrally to 3 S in the cofactor cluster, the histidine 
imidazole nitrogen, and the carboxyl and hydroxyl functional groups of R- 
homocitrate. R-homocitrate is necessary for enzymatic activity, and may play a 
role in proton or electron transfer during the catalytic process, since it "points"
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toward the P-clusters. which may have some role in electron transfer from Av2 to 
the cofactor cluster. The P-clusters are composed of two Fe4S4 cubanes which 
are bridged by 2 cysteine thiols and a disulfide bond. One P-cluster spans each 
u|i interface, and is ligated through Fe to cysteine residues in each subunit.
The FeMoco clusters are "buried1’ within the a subunits, although they are 
accessible to substrate The cofactor clusters have been shown to be necessary 
for catalysis Cofactorless mutants show no catalytic activity Cofactor may be 
extracted from intact nitrogenase and inserted into cofactorless mutants, 
restoring activity. Extracted cofactor is incapable of nitrogen reduction. There is 
a proposed binding site for the Av2 protein on component 1 It has been 
speculated that the P-clusters, which are near this region, accept an electron 
from Av2, and then somehow transfer it to the cofactor, where substrate 
reduction occurs. To date, there has been no convincing evidence of P-cluster 
involvement in catalysis, and the role of these clusters remains mysterious,
Rees and co-workers23 have also published a crystal structure for Av2.
Av2 is a y2 dimer, with a Fe4S4 cluster bridging the subunits at one end, in a 
"butterfly" configuration. It has a molecular weight of about 70,000. Two 
proposed binding sites for MgATP have been identified in the crystallographic 
analysis. It is generally accepted that the binding and subsequent hydrolysis of 
ATP causes some conformational change in reduced Av2 which allows the 
reduced Fe4S4 cluster to donate an electron to component 1. In fact, MgATP 
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Figure 1.1. Schematic representation of Av1 (top), along with the M-center (middle), 
and P-cluster (bottom)
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angle x-ray scattering experiments 24 The ATP hydrolysis may supply the 
energetic "kick" to transfer the electron to component 1. This energy may be 
spent to change the configuration of residues at the binding sites on both 
component 1 and component 2 to form a competent electron transfer complex, 
although this has not been proven
As-isolated component 1 exhibits an S = 3/2 EPR signal, which arises 
from the paramagnetic FeMoco cluster.25 The P-clusters are diamagnetic in as- 
isolated Av1, but may be oxidized to form paramagnetic species. The existence 
of EPR observable metal cluster species in Av1 has facilitated investigation of the 
redox properties of the enzyme Redox studies of the metal clusters of 
nitrogenase may be important to the eventual understanding of the nitrogenase 
catalytic mechanism, since nitrogen reduction is a redox process. Av2 is also 
EPR active in its as-isolated state, exhibiting a mixed S = 1/2 and S = 3/2 spin 
state, arising from the Fe4S4 cluster.26
Azotobacter vinelandii expresses two alternate forms of nitrogenase, one 
containing V as the cofactor heteroatom instead of Mo, and an Fe-only species. 
The Fe-only species has not been well characterized, and will not be discussed 
further. The vanadium containing enzyme, called Av1', was isolated from a 
mutant strain of Azotobacter vinelandii, called LS15, which was developed at 
LSU in the laboratory of Dr. Brian J. Hales.27 28 LS15 has been genetically 
altered so that it may only express the V form of nitrogenase. The V nitrogenase
8
system also expresses its own component 2 protein, called Av2‘, which appears 
to be very similar in structure to the Mo component 2 Av2* is a competent 
electron donor to Av1, and Av2 also donates electrons to Av1'.
Av1' has not been crystallized, and there is no current structural model 
available. It does show some striking similarities to Av1, however It is an u2\\2 
tetramer, with a molecular weight of approximately 220,000. There are small 
(molecular weight % 15,000) subunits associated with AvT called 6 , but the 
stoichiometry of this association is not entirely clear. Amino acid sequence 
homology,29 metal analysis,30 and various spectroscopic techniques support the 
contention that AvT is very similar in structure to Av1 Recent Mdssbauer31 
studies have yielded spectra that are virtually identical to those recorded for Av1 
Fe K-edge EXAFS studies of Av1 and AvT reported in Chapter 3 yield results 
that are very similar for Av1 and AvT. Although EXAFS cannot elucidate three 
dimensional structure, the strikingly similar results for both Av1 and AvT are 
probably indicative of significant similarity in the metal clusters of AvT and Av1. 
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Chapter 2 Materials and Methods
2.1 Anaerobic Techniques
Azotobacter vinelandii grows aerobically, and fixes nitrogen under 
atmospheric conditions, but the purified nitrogenase proteins cannot withstand 
exposure to oxygen, which results in irreversible oxidative deactivation of the 
metal clusters. This complication necessitates that nitrogenase be extracted and 
isolated under anaerobic conditions, and that all experiments be conducted 
anaerobically.
Nitrogenase proteins were extracted and isolated under strict anaerobic 
conditions and solutions of purified proteins were stored frozen in liquid nitrogen 
When needed for experiments, protein solutions were thawed in a Vacumn 
Atmospheres glove box with an Ar atmosphere Oxygen concentration was 
maintained at less than 1.5 ppm in the glove box by continuous circulation of the 
box atmoshpere over an oxygen scavenging catalyst bed. Nitrogenase solutions 
handled outside of the glove box were contained in Ar filled serum vials with gas- 
tight rubber septa. Tranfers of solutions and gases were effected with gas-tight 
syringes. All experimental vessels were made anaerobic by repeated cycles of 
evacuation and filling with Ar on a Schlenk apparatus
All buffer solutions used in purification or experimentation were deaerated 
using a Schlenk apparatus. Airtight buffer reservoirs were evacuated to remove 
air in the headspace and in solution, and then ultra high purity Ar (at *1.1 
atmosphere) was introduced into the headspace through the Schlenk manifold
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Evacuation was then repeated, after which Ar was again introduced into the 
buffer reservoir. This cycle was repeated at least three times, assuring good 
deaeration. In most cases, after deaeration was complete, the buffer solutions 
were made reducing by addition of anaerobic sodium hydrosulfite solution 
(commonly called sodium dithionite or DTN) to a final concentration of 2 mM 
Buffer reducing capability was checked with methyl viologen indicator, which 
changes from colorless to deep purple upon reduction. Redox studies of the 
metal clusters of nitrogenase which required that no reductant be present in the 
buffer solutions were done using buffers that were extensively deaerated on the 
Schlenk apparatus. The anaerobic condition of these buffers was checked by 
taking the buffer resevoir into a Vacumn Atmospheres glove box with an Ar 
atmosphere, opening the resevoir, and stirring the buffer solution while 
monitoring the 0 2 detector. [0 2] < 15  ppm was always maintained.
2.2 Protein Purification
The Mo and V containing nitrogenase of Azotobacter vinelandii were 
extracted and isolated from the appropriate strains using a variation of previously 
published methods.1 The bacterial cells were disrupted by osmotic shock. 
Typically, 300 g of frozen cell paste was taken into the glove box (6 x 50 g 
aliquots in 250 ml centrifuge bottles) and allowed to thaw. The cells were then 
suspended in anaerobic 0.025 M Tris-HCI buffer pH 7.4 with 2 mM DTN and 4 M 
glycerol The suspensions were allowed to stand for 30 minutes, and the 
centrifuge bottles were sealed and removed from the glove box. The
13
suspensions were centrifuged at 10,000 rpm for 20 minutes, and then returned to 
the glove box. The clear supernatant was decanted, and each cell pellet was 
rapidly suspended in anaerobic 0 025 M Tris-HCI buffer pH 7,4 with 2 mM DTN 
and about 6 mg/L deoxyribonuclease, ribonuclease, and lysozyme. The 
centrifuge bottles were again sealed, removed from the glove box, and 
centrifuged at 13,000 rpm and 4 C for 1 hr. After centrifugation, the bottles were
returned to the glove box, and the dark greenish-black supernatant (lysate) was 
decanted and pooled. The pooled decantate was then concentrated to a volume 
of approximately 200 ml with a Minitan membrane concentrator. The crude 
lysate was assayed for nitrogenase activity using the acetylene reduction assay 
(see below). In the purification of Mo-nitrogenase, the lysate was usually heat
o
treated to remove non heat-stable contaminants by heating the lysate to 60 C for
5 minutes in a water bath, with subsequent centrifugation to remove heat 
denatured contaminants. Heat treatment was not done during V-nitrogenase 
purification, since we have observed that it results in little improvement of 
nitrogenase activity.
Further isolation and purification of nitrogenase was done by liquid 
chromatography, starting with ion-exchange chromatography followed by gel- 
filtration. Concentrated lysate was loaded anaerobically onto a 300 ml DEAE 
cellulose anion-exchange resin which had been equilibrated with 0.025 M Tris 
HCI pH 7.4 with 0.08 M NaCI and 2 mM DTN. The column was then rinsed with 
0 1 M NaCI buffer until the eluate ran clear. A 1500 ml 0 1-0.5 M linear NaCI
14
gradient (in above buffer) was then run while collecting fractions in Ar filled serum 
vials capped with rubber septa. The collected fractions were assayed for 
component 1 and component 2 activity, and appropriate fractions were pooled 
and concentrated, using an Amicon membrane concentrator. In the case of the 
Mo-nitrogenase, ion exchange chromatography was usually successful in 
resolving the component 1 and 2 proteins, but there was often extensive overlap 
of the component 1 and 2 peaks in V-nitrogenase.
Gel-filtration on 300 ml Sephacryl S-300 columns was usually the final 
purification step for both the Mo and the V nitrogenase. 5-7 mL of 50-70 mg/ml 
(350 mg of protein) protein solution was loaded on the column, and eluted with 
0,025 Tris-HCI (pH 7,4) with 0.3 M NaCI and 2 mM DTN. Fractions were 
collected in Ar filled serum vials capped with rubber septa, and assayed for 
nitrogenase activity. Appropriate fractions of isolated component 1 and 2 
nitrogenase were pooled and concentrated. Protein purity was monitored during 
the purification process by SDS-PAGE (sodium dodecyl sulfate-polyacrylamide 
gel electrophoresis).
2.3 Acetylene Assay
Nitrogenase has the capability to reduce substrates other than nitrogen. It 
readily reduces C2H2 to C2H4, both of which are easily detected by gas 
chromatography. The acetylene reduction assay has become a widely accepted 
measure of nitrogenase activity, and specific activities are often reported in the 
literature in nmols C2H2 reduced min ’ mg 1 of protein. Neither of the component
15
proteins exhibits enzymatic activity by itself, so it is necessary to combine them in 
activity assays
The acetylene reduction assay mixture consists of 2.5 mM ATP, 30 mM 
phosphocreatine, 0.125 mg/ml creatine phosphokinase, 20 mM DTN, and 5 mM 
MgCI2»6H20  in 38 mM TES-KOH (pH 7,4). The DTN is present as an electron 
source, and the phosphocreatine and creatine phosphokinase are present for the 
regeneration of ATP from ADP, so a continous reaction can occur One ml of this 
solution was transferred to a 13.5 ml serum vial for each assay. The vial was 
deaerated on the Schlenk apparatus and injected with an atmosphere of 10% 
C2H2 in Ar The nitrogenase component proteins were added, and the reaction
o
mixture was incubated in a shaker bath at 30 C.
A Varian 3700 gas chromatograph was used to detect ethylene 
production. A 0.1 ml sample of the headspace gas was removed from the assay 
vial with a gas-tight syringe and injected onto a Porapak column. Ethylene was 
detected with a Flame Ionization Detector (FID), with acetylene serving as an 
internal standard. The detector was output to a strip chart recorder.
2.4 Protein Concentration
Protein concentration was determined by the biuret method, using a 
standard curve prepared with BSA (bovine serum albumin). One ml of biuret 
reagent was added to a 200 pi aliquot of protein solution in an eppendorf tube, 
and the mixture was allowed to incubate at room temperature for 20 minutes. A
16
Cary 219 spectrophotometer was used to measure the absorbance of the 
solutions at 540 nm.
2.5 Extended X-Ray Absorbance Fine Structure Spectroscopy
2.5.1 Introduction
EXAFS (Extended X-ray Absorption Fine Structure) spectroscopy is a 
powerful technique which is particularly well suited for structural studies of 
protein-bound metal clusters.2 EXAFS spectroscopy is ideal for investigations of 
metalloproteins in solution, since long range repeating order, such as is found in 
protein crystals, is not necessary Furthermore, it may be argued that proteins in 
solution are more likely to be in their "native" configuration than those that are 
bound in a crystal lattice, since crystal packing may result in structural distortion. 
Also, EXAFS may be used where crystallization is not possible, which is often the 
case in ligand-binding and mechanistic studies of metalloproteins. EXAFS 
spectroscopy yields information about the identity, number, and distance of 
backscattering atoms in the vicinity of an absorbing atom.3 It has been shown to 
yield extremely accurate distance information, especially in the first coordination 
sphere of backscattering atoms. In most cases, EXAFS is not very useful in the 
determination of three dimensional structure, which is the domain of x-ray 
crystallography. EXAFS and crystallography are complementary techniques, 
since EXAFS can be used to investigate proteins in solution, while 
crystallographic data can be used to propose three dimensional structural 
models. Also, EXAFS can often yield information about the distance, identity,
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and number of backscattering atoms around a central absorber relatively quickly, 
while protein crystal structures may take many months to solve.
2.5.2 Basic EXAFS Theory
When an atom absorbs an x-ray photon of the appropriate energy, an 
electron is ejected from some core energy level of the atom The x-ray 
absorbance spectrum shows a sharp rise at this energy. This is commonly called 
an absorption edge, and the edges are named for the shells of the Bohr atom, 
with K for n = 1, L for n = 2, M for n = 3, etc. Sometimes, absorption edge 
features may be interpreted to identify the geometric arrangement of atoms 
surrounding an absorber, since the edge can show features that are sensitive to 
electronic structure 4 Above the edge, in the EXAFS region, x-ray absorption 
spectra show sinusoidal oscillations if there are neighboring atoms present. This 
sinusoidal oscillation contains information about the number, type, and distance 
of the neighboring atoms from the absorber.
The physical phenomenon underlying EXAFS is the interaction of an 
ejected electron from an absorbing atom with the atoms surrounding the 
absorber. If one thinks of the ejected electron as an outgoing photoelectron 
wave and the electronic potentials of the various surrounding atoms as 
backscattering forces, it is easy to picture the interaction. As the photoelectron 
energy is scanned by increasing the x-ray energy irradiating the sample, the 
outgoing wave is backscattered by a neighboring atom. Depending on the 
frequency, the amplitude of the backscattered wave at the absorber will be at its
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maximum, minimum, or somewhere in between. This interaction contributes to 
the transition moment of the absorber, and we observe a damped sinusoidal 
oscillation in the EXAFS region of the absorption spectrum. The sum of all of the 
interactions from all of the backscatterers is additive, and comprises the 
oscillation observed in the EXAFS region of the spectrum. This oscillation may 
be extracted and analyzed mathematically to tell us the identity, number, and 
distance of the backscatterers from the absorber.
The damped sine waves contributed by each of the backscatterers are 
defined by three observable quantities: frequency; amplitude; and phase.3 The 
frequency of the wave gives information about the absorber-backscatterer 
distance, since the modulation of the absorbance in the EXAFS region of the 
spectrum is dependent on the amplitude of the backscattered wave at the 
absorber, which changes as the frequency is changed. So, a long absorber- 
backscatterer distance, which requires many periods of the sine wave to make 
the round trip from the absorber to the backscatterer and back to the absorber, 
requires a small change in frequency to go through an entire period of 
interference at the backscatterer. Since the frequency change is small for this 
process, the absorbance modulation will occur at a higher frequency compared to 
the same absorber-backscatterer pair in closer proximity.
The amplitude of the sine wave is determined by the identity and number 
of backscatterers. Heavier atoms have greater backscattering amplitudes than 
lighter ones. The amplitude of the resultant wave is additive. For example, 2 S
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atoms equidistant from an absorber will each contribute an identical wave to the 
absorbance spectrum, which will have twice the amplitude of a wave contributed 
by a single S
The phase shift is useful in determining the identity of the backscatterer 
Different atomic species have different electron densities The photoelectron 
wave is phase shifted when it encounters the electorn density of a backscatterer 
The size of the phase shift depends on the atom type. It should be noted that the 
absorber also contributes to the phase shift, since the outgoing wave is phase- 
shifted as it leaves the absorber and as it returns from the backscatterer.
The EXAFS must be extracted from the absorption spectrum before it can 
be analyzed. EXAFS is defined as consisting only of the sinusoidal modulation of 
the x-ray absorption coefficient p due to absorber-backscatterer interactions. 
Theoretically, the expression x =  P ■ Po /  Po defines the normalized EXAFS 
quantity, where p0 is the free-atom absorption coefficient. However, p0 is 
unknown and unmeasurable for any system of interest, so approximate methods 
must be used to isolate the EXAFS. An alternate form of the above expression, 
x(k) = p - ps / p0, where the parameter p, is defined as the “smooth" part of the 
absorption coefficient p, may be used to extract the EXAFS.5 The quantity k. 
called the photoelectron wave vector, is defined as k = [(2m/h2)(E-E0)]1/2, where 
m is the mass of the electron, h is Planck's constant, E is the spectral energy, 
and E0 is the energy origin at wnich k = 0 (k is expressed in units of A'1). 
Generally, the x-ray absorption spectra are background corrected by
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extrapolation and subtraction of a function fitted to the pre-edge region of the 
spectrum. Depending on the concentration of the sample, this may or may not 
yield a true value for p, the total absorption coefficient. In very dilute samples the 
extrapolation is usually only dependable near the absorption edge However, 
tabulated values for the energy-dependent change in p0 are available, so a single 
value for p determined near the absorption edge is all that is necessary for 
background correction and normalization.6 The post-edge absorption spectrum is 
fitted with a cubic spline which approximates ps. Subtraction of p, from p and 
normalization by p0 using the Victoreen function yields EXAFS data x(k) 
normalized to a "per absorbing atom" basis.3 Usually, x W 's multiplied by k3 so 
that the small amplitude oscillations far above the absorption edge {farther out in 
k-space) can be easily visualized during analysis.
The EXAFS is analyzed by curve fitting to some functional form 
representing y{k) The experimental EXAFS may be Fourier transformed from k- 
space ( frequency, A'1) to R-space (distance, A) as the first step in analysis. The 
Fourier transforms reveal peaks at various distances R which define the different 
backscattering "shells", and their approximate distances from the absorber. This 
information provides a good starting point for the subsequent EXAFS curve fitting 
analysis Also, “Fourier filtering" may be used to simplify the EXAFS analysis by 
isolating different distance shells, thus allowing analysis of short and long 
distance interactions separately. This is effected by windowing the selected 
region in the transform with a function that goes smoothly to the baseline. The
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windowed portion is then backtranstormed, and the resultant EXAFS can be 
analyzed.
The EXAFS presented here was analyzed by curve-fitting with a non­
linear least squares fitting algorithm7 to the standard curved-wave functional form 
for single scattering EXAFS:8
=  X ^ R > ) * s i n [ 2 * * , + ♦ , < * ■ * , ) ]
where the summation is over all backscatterers at a distance R, with root-mean
2
square distance deviation <r and coordination number N . The functions f(k,Rj) 
and <t»(k,Rj) represent the distance and energy dependent curved-wave 
backscattering amplitude and total phase shift, respectively The amplitude 
reduction factor y accounts for inelastic effects and multielectron processes. 
2.5.3 Instrumentation
The EXAFS experiments reported here were done at the National 
Synchrotron Light Source at Brookhaven National Laboratory. Some spectra 
were also recorded at the Stanford Synchrotron Radiation Laboratory The 
high photon flux, plane polarization, and broad spectral range of synchrotron 
light make it ideal for x-ray experiments on dilute metalloproteins in solution.
Two different detection modes were employed, depending on the sample 
type In the EXAFS experiments described here, various synthetic model 
compounds were used to check fitting procedures and to define the threshold 
energy shift AE0 for the subsequent protein EXAFS curve fits. The model
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compounds were run in transmission mode, using inert-gas ion chambers as 
detectors. A chamber before the sample monitored beam l0 and one placed 
after the sample monitored transmitted beam, I,. Also, a third chamber was 
placed behind I, with a calibration foil (Fe or Mo) over the window, so 
simultaneous spectral calibrations could be performed.
Since nitrogenase is an extremely large molecule with a relatively small 
number of absorbers (Fe or Mo) present compared to the substituent residues 
of the polypeptide, scattering becomes a problem, and transmission detected 
EXAFS is virtually impossible. All protein spectra were recorded by 
fluorescence detection of the Fe K(I or Mo K(I fluorescence, respectively Each 
element of a Canberra Industries 13-element Ge solid-state diode detector9 
was output to a shaping amplifier, where the sawtooth detector pulse was 
shaped into a gaussian form proportional to the photon energy striking the 
detector. The output was windowed with a single channel analyzer on the 
desired K1J( peak. The detector position was adjusted to attain optimal count 
rates on all elements.
2.6 Electron Paramagnetic Resonance Spectroscopy
2.6.1 Introduction
Electron paramagnetic resonance spectroscopy, or EPR, is a useful 
spectroscopic technique for probing chemical species that have unpaired 
electrons.10 These include free radicals, point defects in crystals, and many 
transition metal ions. The physical phenomenon underlying EPR is the
Zeeman effect. An electron has intrinsic spin, which can have values of +1/2 
and -1/2 In the absence of an externally applied magnetic field, the energies 
of these two spin states are degenerate. If an external magnetic field is 
applied, this degeneracy is lifted, and the levels are separated in enegy, as 
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Figure 2.1 Energy splitting of degenerate spin levels by an applied magnetic field
strength, and increases as the magnetic field is swept to higher values. A 
transition may be induced between the separated levels by absorption of 
radiation of the proper energy. This absorption may be detected, and the 
resulting spectrum analyzed to gain information about the electronic state of the 
species under investigation.
The EPR transition may be represented quantum mechanically by the 
spin Hamiltonian operator H:
H = gpHSI
where Sz is the spin operator, H  is the magnetic field, (1 is the Bohr magneton 
for the electron, and g is a parameter whose value depends on the relative 
contributions from spin and orbital angular momentum. For the free electron g 
-  2 .0023. Operation on the the spin wave functions by H results in two 
energies for I +1/2 > and I -1/2>:
H I +1/2> = +(gpH)1/2 
and
H I -1/2> = -<gpH)1/2 ; 
and the energy splitting between the two levels is:
AW = gpH = hv ;
where hv is the energy of the microwave quantum for the transition between 
the two states. Now we can say:
g = hv/p H.
The g-factor is the standard parameter for identification of EPR spectral 
inflections, and can always be calculated with the known frequency of the 
applied microwave radiation, the magnetic field at which an inflection occurs on 
the spectrum (since the field is swept, and the irradiation frequency remains 
constant for a given resonant cavity), and the constant p (p = 9 .2 7 4 x 1 0 21 erg
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In most cases, the situation is more complex than detailed above, and a 
more complete Hamiltonian is needed to properly analyze EPR spectra The 
system in question may show considerable anisotropy, and have 2 g-factors in 
the axial case {gx -  gy, gz *  g*,gy) or 3 g-factors in the rhombic case (g„ * gy * 
gz ), due to different magnetization along the molecular x, y, and z axes.
Nuclear hyperfine interaction may occur if a nearby nucleus has a net spin, 
splitting the EPR spectrum into multiple lines, given by (2nl + 1) where n is the 
number of identical nuclei, and I is nuclear spin quantum number. In the case 
of transition metal ions, spin orbit coupling and ligand field effects complicate 
the picture further. For single ions where symmetry can be determined, the 
Hamiltonian can often be simplified to achieve an analytical solution.11 For Fe- 
S cluster EPR in metalloproteins where symmetry is unknown, numerical 
diagonalization of the spin Hamiltonian derived energy matrix is the best way to 
predict spectral features. EPR spectral assignments presented here were 
calculated with “Rhombo", kindly furnished to us by Professor W. R. Hagen.12
The spin Hamiltonian generally used in high-spin biological EPR consists 
of a crystal field or zero field splitting term and a Zeeman term as follows:
H = S . D * . S  + p B . g . S
where;
S . D’ . S » >  pB . g . S
in most systems of interest at X-band {hv % 0.3 cm'1) EPR frequencies. The zero 
field splitting term splits an S » n/2 spin system into {n + 1)/2 Kramer's doublets.
26
Effectively, this results in an energy separation between the doublets much 
greater than the microwave quantum, so they behave as independent I ±1/2 > 
spin systems.
Effective g values are calculated with Rhombo by diagonalizing the 
energy matrix calculated with the Hamiltonian above rewritten as:
H = D[SZ2 - S(S + 1 )/3] + E(S,2 - Sy2) +pB * g • S 
where the quantities D and E are called the axial and rhombic zero-field 
splitting parameters, respectively. The ratio j E/D I is limited to values between 
0 and 1/3 Now, the effective g-values can be defined in terms of one 
parameter, the rhombicity, or X = | E/D "Rhombograms" (see Chapter 5) 
depicting predicted g-values as a function of X may be used to visualize 
predicted g-values for a given rhombicity.
2.6.2 Instrumentation
EPR spectrometers consist of three basic components: an 
electromagnet; a source of radiation to induce spin transitions; and a detection 
system to monitor the absorbance of the radiation.13 The sample being 
investigated is placed in a resonant cavity between the pole faces of the 
electromagnet, and the magnetic field is swept. Microwave radiation from a 
klystron is directed down a hollow wave-guide into the resonant cavity, and sets 
up a standing wave in the cavity. When the splitting induced by the magnetic 
field matches the energy of the microwave radiation irradiating the sample, 
detectable absorbance may occur EPR cavities are designed so that the
magnetic component of the microwave radiation is maximized at the sample 
location, and the electronic component is minimized, since the transition is a 
magnetic one. Modern EPR instruments usually employ phase-sensitive 
detection. The applied magnetic field is modulated by the application of an 
oscillating magnetic field from Helmholtz coils embedded in the walls of the 
microwave cavity. The detector only accepts absorbance signals that oscillate 
near this frequency (commonly 100 kHz), thus improving signal to noise ratio. 
The amplitude of the modulating field is an important parameter in EPR 
detection, since if the modulation amplitude is kept small compared to the 
spectral linewidth, the amplitude of the detected signal will approximate the 
slope of the absorption curve. If the modulation amplitude is properly adjusted, 
the resultant spectrum represents the true first derivative of the absorption 
spectrum. Since the first derivative line shape is what is actually detected, EPR 
spectra are normally presented in this form.
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Chapter 3 Fe K-edge EXAFS Studies of the MoFe and VFe Nitrogenase 
Proteins of Azotobacter vinelandii
3.1 Introduction
Crystallographic studies of the nitrogenase component 1 of both 
Clostridium pasteurianum,1,2 and Azotobacter vinelandii3 5 have been ongoing 
for a number of years. An x-ray crystal structure for the FeMo-cofactor and the 
P-cluster of Azotobacter vinelandii at 2.2 A resolution has been published,4 as 
well as a crystal structure for the entire Avt protein.5 The Fe EXAFS studies 
reported here were undertaken prior to the publication of the crystal structure of 
Av1 and were inspired, in part, by x-ray anomalous scattering studies of Cp1 
reported by Bolin1 and coworkers which indicated that Mo was ligated at one 
end of an apparently symmetrical FeMo cofactor cluster, composed of Fe and 
S. The P-clusters were shown to be most likely composed of pairs of 
sulfide/thiolate bridged Fe4S4 cubanes. Since the clusters appeared to be at 
least somewhat symmetrical and Fe is in large abundance in the component 1 
nitrogenase protein, Fe K-edge EXAFS on the intact Avt and A v t’ protein 
seemed feasible, and possibly informative.
The crystal structures of Av1 and Cp1 are still undergoing refinement 
and revision, and are not yet well enough resolved to give exact interatomic 
distances. One of the strengths of EXAFS is its ability to give extremely 
accurate distance information, especially in the first coordination sphere of 
backscatterers. so information from EXAFS may still be relevant to the further 
elucidation of the metal cluster structure of Av1. Also, no crystal structure
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currently exists for A v 1 s o  EXAFS data is the best source of structural 
information available for the metal clusters contained in it Analysis and 
comparison of Av1’ EXAFS with the EXAFS of Av1, for which a cystallographic 
model has been proposed, follow.
EXAFS of the oxidized component 1 proteins was motivated by the fact 
that nitrogenase catalysis is a redox process, and it is possible that the metal 
clusters of nitrogenase undergo redox-induced structural changes Titration 
with a small excess of thionine solution oxidizes the M-centers by 1 equivalent 
and the P-clusters by two equivalents 6 9 If large structural changes occur as a 
result of oxidation, they may be detectable by EXAFS.
3.2 Background
Several EXAFS studies of nitrogenase had been done previous to the 
start of this work. Mo EXAFS studies of the MoFe protein, extracted M-centers 
(called FeMoco, for FeMo cofactor), and crystals of MoFe protein have yielded 
average Mo-(O.N), Mo-S, and Mo-Fe distances of approximately 2.1, 2.4, and
2.7 A, respectively.10'14 V EXAFS of Av1’ has yielded similar results with V-S 
and V-Fe distances of approximately 2.3 and 2.75 A, respectively 15 The only 
Fe EXAFS of nitrogenase metal clusters previously attempted was of isolated 
cofactor (extracted M-center) of the Mo and V component 1 proteins, which 
yielded 2 7 A Fe-Fe interactions and 3,7 A Fe-Fe interactions.1617
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3.3 Experimental
Nitrogenase proteins were purified by methods discussed in Chapter 2 
Typical specific activities were 1800-2000 nmol of C2H2 reduced min 1 mg 1 of 
Av1 and 230-280 nmol of C2H2 reduced min'1 mg 1 of AvT. EXAFS samples of 
the as-isolated component 1 proteins were prepared by concentrating the 
proteins in 0.025 M Tris-HCI pH 7.4, 0 2 M NaCI, with 2 mM DTN with Minicon 
membrane concentrators. Thionine oxidized samples were prepared by 
titrating sodium dithionite-free Av1 with thionine solution in 0.025 M Tris-HCI pH
7.4 with 0.2 M NaCI. The dithionite was removed from the protein solutions by 
gel-filtration and methyl viologen indicator was used to check for any residual 
dithionite Thionine titrated samples were also concentrated with Minicon 
membrane concentrators. The samples were then made *  40% in glycerol to 
prevent ice crystal formation The final sample concentrations ranged from % 
130-200 mg/ml, which is * 17-26 mM in Fe and *  1.1-1.7 mM in cofactor 
(Mo.V). Fe K-edge EXAFS samples were syringe-loaded into 2 cm x 3 mm 
lucite sample cuvettes with 1 mm path lengths and polypropylene windows, 
which were machined at LSU. EPR samples were also loaded simultaneously, 
for verification of oxidation state by EPR spectroscopy. Samples were 
examined by EPR before and after exposure to the x-ray beam. No apparent 
spectral changes were evident, and no significant loss of specific activity was 
found after beam exposure.
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Data were collected on unfocused beamline X-19A at the National 
Synchrotron Light Source, Brookhaven National Laboratory. Slit widths were 
typically 2 x 20 mm. The beamline was equipped with a Si( 111) double crystal 
monochromator, which was detuned to 50% intensity to reduce the 
transmission of higher harmonics. Model compounds were run in transmission 
mode, monitoring incident and transmitted beam intensities with nitrogen filled 
ion chambers A third ion chamber was typically employed for spectral 
calibration, using an Fe reference foil. Spectra were calibrated to the first 
inflection point in the Fe foil edge jump, at 7111.2 eV. Spectra were recorded 
at 4-10 K with an Oxford Instruments liquid helium flow cryostat.
Protein spectra were recorded at 4-10 K in fluorescence mode, using a 
Canberra Industries 13-element Ge solid state diode array detector18 windowed 
on the Fe K„ signal. Count rates of less than 35 kHz were maintained on each 
detector, with amplifier shaping time generally set at 0.5 psec. Spectra were 
collected in the form F/I0vs. eV. Spectral scans spanned from 100 eV to at 
least 800 eV above the absorption edge. All reported spectra were recorded 
on at least two separate occasions with different samples, to ensure the 
reproducibility of spectral features. Before averaging, all spectra were 
superimposed to be sure that no spectral evolution had occured during data 
aquisition Deglitching was done on raw spectral data only, by single point 
removal. The data presented here represent a total of 50, 40, 38, and 18 scans
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of as-isolated Av1, thionine-oxidized Av1, as-isolated Av1'p and thionme- 
oxidized Av1', respectively.
The EXAFS was extracted from the x-ray spectra by standard methods, 
as discussed in Chapter 2. The photoelectron wave vector k = [{2m/h2)(E - 
E0)]1/2 was defined with an initial E0 of 7130 eV. The spectra were Fourier 
filtered by Fourier transforming from /c-space to R-space, and then 
backtransforming selected regions to fc-space. The selected regions were then 
fitted using a Levenberg-Marquardt19 non-linear least squares curve-fitting 
algorithm to the curved-wave, single scattering functional form20 of the EXAFS 
equation:
x (*) = ^  v R‘ ) e * sin I2* * , + ♦ ,< *.*,)!
1 i
where the summation is over all backscatterers at a distance Rj, with root-mean 
square distance deviation ct2 and coordination number Nj. The functions 
f(k,Rj)) and <t»(k,Rj) represent the distance and energy dependent curved-wave 
backscattering amplitude and total phase shift, respectively The amplitude 
reduction factor, y, was held fixed at 0.9 during all fits.
3.4 Results
EXAFS spectroscopy and analysis of a species containing multiple 
absorbers (30 Fe in Av1) with several possible site symmetries can be a 
daunting task. Before attempting analysis of the nitrogenase proteins, model 
compounds were used in an attempt to check the fitting procedures, and to
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calibrate AE0 for the different absorber-backscatterer pairs. This is especially 
important when considering long absorber-backscatterer distances, where the 
probability of multiple scattering contributions increases dramatically 21 An 
[Fe6S6CI6]3‘ sulfido-bridged prismane (Figure 3.1) synthesized in the laboratory 
of Professor Dimitri Coucouvanis was used for this purpose.22 23
ci
Figure 3.1 The [Fe6S6CI6]3 prismane model compound.
Since a crystal structure is available for the prismane cluster, the fitting 
procedure was relatively straightforward. The 1-3 A and the 3-5 A region of the 
EXAFS Fourier transform were backtransformed separately for fitting. The 
coordination number N, was held fixed, and the distance R„ the mean square 
deviation a2, and the threshold energy shift AE0 were used as fitting 
parameters. All fitting was done within the single-scattering formalism. An 
EXAFS Fourier transform of the [Fe6S6CI6]3' prismane is shown in Figure 3.2, 
and curve-fitting results are presented in Table 3.1, along with results from the 
nitrogenase fits Figure 3.2 also shows EXAFS Fourier transforms of Av1 and
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Av1’ along with the transform of the [Fe6S8CI6]3' cluster showing similar, but not 
identical, radial distance distributions.
Interpretation of of the [Fe6S6CI6]3 EXAFS is straightforward The large 
peak at -  2.3 A may be modeled as the sum of the first shell Fe-CI and Fe-S 
interactions at 2.22 A and 2.28 A, respectively, which are both within 0.01 A of 
the cyrstallographically determined value.2223 The peak at 2.76 A can be 
assigned to a pair of di-ji-sulfido bridged Fe-Fe interactions. A pair of long 
single sulfur bridged Fe-Fe interactions model the peak at 3.8 A. A small peak 
at 4.4 A and a shoulder at 4.7 A can be fitted with three cross-cluster Fe-S 
interactions and a single cross-cluster Fe-Fe interaction, respectively. The 
assignment of the 4.7 A Fe-Fe interaction is suspect, since the shoulder is 
barely detectable. The distances determined by curve-fitting were extremely 
close to the crystallographic values determined for this compound, with the 
greatest discrepancies (0.03 A) appearing in the long-distance (3-5 A) fits, 
probably indicating small contributions from multiple scattering for this 
compound.
Two model compounds with suspected multiple scattering ligands were 
also analyzed. A phenolate substituted prismane,22 23 [Fe6S6(OC6H4-p-Me)6]3', 
and a formate bridged Fe dimer,24 Fe2(0 2CH)4(BIPhMe)2, both showed 










0 1 2 3 4 5 6
Distance (A)
F ig u re  3.2 Fe EXAFS Fourier transforms of the [Fe6S6CI6]3 prism ane (clashed), as- 
isolated Av1 (solid) and as-isolated A v1 ’ (short dash)
Table 3.1 EXAFS curve-fitting param eters for the 1-3 A (top) and 3-5 A (bottom ) regions “Coordination number, held fixed 
during refinement, unless optim ized by curve fitting in te ra to m ic  distance cMean-square deviation of R AE0was optim ized in 
prismane fits and held constant for protein fits in te ra c tio n s  not resolvable
F»-S(CI) Ft-F« AE, = -8eV F«4Ho AE» = -6i?Y F<H? AE,?-U»V
samp/e Na Rb,A 10V ,  A 2c N" Rb, A 10V .  A 2c N4 Rb.A 10V, A2c N4 Rb. A 10V. A 2c
{Fe6S6CI6)* 4 0 2 277 304 2 0 2 757 355
As-isolated Av1 35 2 317 576 2 0 2 641 535 03 2 732 179 5 1 842 7797
Thionine-oxidized Av1 35 2 291 513 2 0 2 657 465 0 3 2 696 34 5 1 833 7797
As-isolated Av1' 35 2 322 608 2 3 2 674 773 5 1 864 7041
Thionine-oxidized AvV 35 2 289 542 2 3 2 690 688 5 1 869 7041
Fe-Fe A E ,- "10 * v F frffttX ) A E ** -10 «v F ft4 .4 E » --1 f i*V F*-F« AEg *  -13 «Y
samete N* Rb, A 10V, A * N4 Rb A 10V  , A 2c N4 Rb. A 1 0 V C, A 2 N* R6 A 1 0 V e, A 2
(F e ^ C I*)* 2 0 3 82 613 30 4 41 386 1 0 4 68 487
As-isolated Av1 1 4* 3 78 613 1 6* 400 487 2 2* 4 28 386 0 4* 4 68 487
Thionine-oxidized Av1 1 4* 3 74 613 0 7* 3 99 487 d d
As-isolated Av1’ 10* 3 76 613 0 8* 3 99 487 08* 4 30 386 d
Thionine-oxidized Av1’ 0 8* 3 76 613 0 5* 4 02 487 0 5* 4 38 386 d
w
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and those determined by EXAFS curve-fitting, especially for the long-distance 
interactions The long Fe-Fe interaction at -  3.8 A in the prismane was fitted at 
3 90 A, a 0 06 A deviation from the 3.836 A distance from the crystal structure 
A long Fe-S interaction modeled by curve fitting at 4.42 A also deviated from 
the crystal log rap hie value of 4.455 A. Presumably, this error arises from 
interference and/or multiple scattering pathways involving phenolate carbon 
shells at 3.5 and 4.2 A. A 0 02 A error in the short Fe-Fe at ~ 2 8 A was also 
observed and is probably due to phenolate carbons at 2,95 A. The EXAFS 
analysis of the formate-bridged dimer also shows significant deviation from the 
crystallographic distances, especially in the 3 574 A Fe-Fe distance, which was 
determined by EXAFS fits to be 3,519 A Still, even with these discrepancies, 
the greatest error found between crystallographic and EXAFS distances was -  
0.06 A, even where multiple scattering and interference from outer shell light 
atoms were a factor.
EXAFS of as-isolated Av1 was Fourier filtered and the 1-3 A and 3-5 A 
regions were fitted separately. Figure 3.3 (left, top) shows the raw data and the 
root mean square deviation (error bars) between 3 EXAFS data sets. The 
middle panel shows the Fourier filtered EXAFS in the 1-3 A range, along with 
the curve fit The bottom panel show the filtered data and fit for the 3-5 A 
region The long distance interactions (3-5 A) result in very small peaks, so the 
root mean square deviations of three data sets were transformed separately 
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Also, the Fourier transform truncation ripple level was estimated by Fourier 
filtering and backtransforming the 1-3 A region, and then retranstorming the 
data from 0 to 6 A. It is apparent that the peaks, although small in amplitude, 
are above the noise and Fourier transform ripple level Figure 3 3 right middle 
and bottom show the Fourier transform and fit in the 1-3 A and 3-5 A region, 
respectively The AE0 parameters used in the protein fits were those 
determined for the [Fe6S8CI6]3' prismane at analogous distances.
The Fourier transform of the 1-3 A region shows two major peaks, which 
can be modeled with Fe-S and Fe-Fe interactions at 2.32 A and 2.64 A, 
respectively Using coordination numbers of 3.5 and 2 for these components 
and optimizing a2 results in a reasonable fit (Table 1) Of course, other fits are 
possible. Locking a2 to the value found in the prismane fit results in 
coordination numbers of 2.3 and 1,9 for the Fe-S and Fe-Fe interactions, 
respectively, but the resultant fit is not as good. Coordination number (N) and 
a2 are highly correlated parameters and should not, in general, be fitted 
simultaneously The necessity to “lock" one of these parameters naturally limits 
the precision of the EXAFS analysis 25 “Goodness of fit" in all of these analyses 
is defined by the magnitude of the fit residual; R = {£, (X* - X' c«/c )2 ^6) f N,
where k is the photoelectron wave vector, x 'e*p is the observed EXAFS, x'ca/c's
the calculated EXAFS, and N is the number of data points. The smaller the 
value for R, the better the fit Further improvement of the fit is afforded by the 
inclusion of an Fe-Mo interaction at 2 73 A, with N = 3 A similar distance
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(2.68-2.72 A) has been reported for fits of Mo EXAFS of Av1 for a Mo-Fe 
absorber-backscatterer pair1112 Also, Fe EXAFS of the isolated FeMo cofactor 
has yielded a 2.70 A distance for an Fe-Mo interaction 16 Inclusion of an Fe-0 
interaction at 1 84 A results in a slightly improved fit. This interaction may be 
real or a result of systematic errors in the fitting functions.26 It is possible that 
some Fe-(O.N) ligands exist in nitrogenase, or some undefined interaction 
between the metal clusters and H20  is occuring. The crystal structure depicts a 
serine in each p subunit that could be ligated to a P-cluster Fe.3'5 Also, R- 
homocitrate has been shown to co-extract with the FeMo-cofactor, and it has 
been modeled in the crystal structure ligated to Mo. One or more of the 
substituent groups of homocitrate may be in the vicinity of cofactor Fe. In any 
event, inclusion of this Fe-0 interaction gives the best fit to the experimental 
data, but no meaningful structural interpretation can be drawn from it.
The 3-5 A region shows a dominant peak at 3 78 A, which is fit with an 
Fe-Fe interaction, with N = 14  Fits of the long interactions were effected by 
locking the a2 to the values determined for the analogous interactions in the 
prismane model. Transform features apparent at 4.3 A and 4.7 A were 
tentatively identified as Fe-S and Fe-Fe distances for curve fitting, by 
examination of the prismane radial distribution. The 4.3 A feature was 
assigned to an Fe-S interaction, after eliminating the possibility of other Fe-X 
interactions, by determining which backscatter-absorber pair resulted in the
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smallest difference between the calculated and experimental EXAFS. Similarly, 
the 4 7 A distance was assigned to an Fe-Fe interaction.
The backscattering interactions between Fe-Fe (3.8 A), Fe-S (4.3 A), 
and Fe-Fe (4,7 A) yield a less than perfect fit to the experimental data, as is 
clearly apparent in Figure 3.3 (right, bottom). However, the fit shows 3 
components at radial distances very close to those of the experimental data 
Addition of another Fe-Fe interaction at 4.0 A improves the fit, as does an Fe-S 
at 3 9 A So, the experimental EXAFS may have a contribution from these Fe- 
Fe and Fe-S interactions or some mix of the two. This is not surprising, since 
Fe-S distances in the 3 85-3,91 A range have been reported for cross-cube 
distances in synthetic Fe-S cubanes27 and and an average 3.9 A distance has 
been observed in a 4Fe-4S protein 20
The radial distribution of distances in thionine oxidized Av1 is very similar 
to that of as-isolated Av1, as shown in Figure 3.4, However, there is a marked 
variation in the EXAFS Fourier transform amplitudes between the two forms 
Curve fitting of the experimental EXAFS data in the 1-3 A region (Figure 3.5 
left, top) yields Fe-S and Fe-Mo distances that have contracted slightly, from 
2 32 -» 2.29 A, and 2 73 2.70 A, respectively. The Fe-Fe distance at 2.64 A
expands somewhat, to 2.66 A. It should be noted that these changes are at or 
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well behaved systems. The important result here may well be that the changes 
in absorber-backscatterer distances are very small upon oxidation, showing no 
detectable evidence of major metal cluster rearrangement. In an attempt to 
model the amplitude change in the Fe-S and Fe-Fe peaks, the EXAFS was fit 
by fixing the coordination numbers to the values for the as-isolated protein, 
which resulted in a 2 that were similar for both the as-isolated and the thionine 
oxidized Av1 If the coordination numbers were allowed to float and the a2 was 
held fixed, the coordination numbers changed from 3 5 -+ 3.7 and from 2.0 ->
1.7 for the Fe-S and Fe-Fe interaction, respectively, as the protein state went 
from as-isloated -*  oxidized These are small changes in coordination number, 
and are probably not significant. Of all of the EXAFS fitting parameters, 
coordination number has been shown empirically to be the least dependable, 
probably due to deficiencies in theoretical backscattering amplitude functions.20 
The changes in the Fourier transform amplitudes are probably due to small 
changes in interference between overlapping shells upon oxidation.
The 3-5 A Fourier transform of the thionine oxidized Av1 EXAFS is 
dominated by a large peak, as can be seen in Figure 3.5 (right, top), which is fit 
at 3.74 A. This is a contraction compared to the as-isolated Av1 data which 
was fit at 3 78 A EXAFS distances often become less precise as the fit is 
extended to outer-shell components due to an increase in possible interference 
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fitted within the single-scattering formalism, so it should be stressed that small 
changes in long distances cannot be construed as precise The interactions at 
4 3 A and 4 7 A are not resolvable in this data, and no fits are reported for 
them.
Av1’ (the V-Fe nitrogenase component 1) exhibits EXAFS that is very 
similar to that recorded for Av1. The fits for the short Fe-S and the short Fe-Fe 
are within 0 01 A and 0 03 A of the respective distances determined in the Avi 
fits (Table 1; Figure 3.5 left, middle). The Fe-Mo distance at 2 7 A is not 
needed for the A vt’ fit, as expected. The short Fe-Fe interaction is fit at 2,67 A 
with a coordination number of 2 3, as opposed to 2,0 for the corresponding 
2.64 A distance in Av1 This is because the expected Fe-V distance at '2 .7  A 
cannot truly be resolved, since Fe and V have very similar backscattering 
phase and amplitude functions, as is the case with elements in close proximity 
on a row of the Periodic Table. Addition of an Fe-V component at 2.70 A does 
result in a slightly improved fit. In any event, the presence of V in AvT has 
been demonstrated spectroscopically, and the backscattering contributions 
from the Fe-V interactions are presumably included in the fits of the Fe-Fe 
interactions at 2.67 A. This supposition is strengthened by the observation of 
slightly longer Fe-Fe fit distances in both as-isolated and oxidized AvT than in 
Av1 for the -2.6-2.7 A coordination shell As is the case in Av1, a non- 
specifically assignable Fe-0 interaction also improves the fit.
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The 3-5 A region Fourier transform of the as-isolated Avt' EXAFS 
(Figure 3.5 right, middle) is dominated by an Fe-Fe interaction at 3 76 A, similar 
to the 3 78 A distance in Av1. There is also an obvious peak at -  4 3 A which 
was fit to an Fe-S interaction at 4.30 A Again, an additional Fe-Fe interaction 
at 3.99 A is necessary to achieve a good fit, as was the case in Av1 (above)
The signal to noise ratio of the data was not large enough to do reliable fits of 
the long Fe-Fe shell at -4  7 A which was observed in as-isolated Av1.
The long distance fits (3-5 A) show smaller optimized coordination 
numbers for Av1' than for Av1 in every shell. This may be due to differing 
interference effects between the shells, rather than dramatic structural 
differences between Av1 ’ and Av1. The long distance fits for both Av1 and 
AvT were effected by fixing a2 and allowing the coordination number to float 
Fixing the coordination number and floating a2 results in a larger o2 for Av1’ 
than for Av1 in each backscattering shell. Examination of the optimized fit 
values in the 1-3 A range (Table 1) reveals larger a2 for A v f than for Av1 in the 
short Fe-S and Fe-Fe shells also. These two shells were fitted by fixing the 
coordination number and allowing a2 to float. The correlation between o2 and N 
makes it impossible to interpret the data more exactly. Also, as was stated 
above, coordination numbers are the least reliable of the EXAFS fitting 
parameters and deviations like these in multi-absorber species are not 
unexpected, especially in the case of long-distance interactions.
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Thionine oxidation of Av1’ resuits in EXAFS-determined distance shifts 
similar to those observed in Av1 (Figure 3.5 bottom, left and right). The 
average Fe-S distance of 2,32 A in as-isolated AvT contracts to 2 29 A upon 
oxidation The short Fe-Fe interaction expands slightly from 2.67 -> 2.69 A 
with oxidation The long Fe-Fe interaction remains the same, at 3.76 A. There 
is a dramatic change in the long Fe-S interaction at 4,30 A, which shifts to 4 38 
A in the oxidized data fits, although no corroboration of this interaction is 
available from the Av1 data (see above), Absorber-backscatterer distances 
greater than 4 A in a multicenter cluster may have some contribution from 
multiple scattering pathways, which can effect both distance and amplitude 
determinations in the curve-fitting process. Therefore, large distance changes 
in long range interactions are best interpreted cautiously It appears, within the 
limitations of the single-scattering formalism, that the distance does increase to 
some extent upon oxidation of Avt'
Again, as is the case in Av1, thionine oxidation results in amplitude 
changes in the Fourier transform of oxidized AvT (Figure 3.6). These may be 
rationalized similarly (see above) as those observed for oxidized Av1. It is very 
probable that some small structural change is occuring upon oxidation, but the 
amplitude changes observed are not consistent with any major structural 
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3.5 Discussion
The nitrogenase component 1 proteins contain 30 Fe atoms in two 
different pairs of clusters, the M-centers and the P-clusters This could mean 
that there are 15 unique Fe sites, 7 in the M-center and 8 in the P-cluster, Also, 
the Reese crystal log rap hie model shows that the M-center is only ligated at the 
ends, through Mo to histidine at one end, and through Fe to cysteine on the 
other end 3 5 This loose ligation could result in a fairly flexible cofactor structure 
and a wide distribution of distances. The P-clusters are ligated through each 
Fe to a cysteine, but are located in the u[t subunit interface, where significant 
structural distortion could occur However, the EXAFS analysis resulted in 
generally reasonable coordination numbers and acceptable deviations in 
average distance determinations Since EXAFS analysis yields average 
distances and approximate coordination numbers, it is impossible to make 
absolute distance assignments within the cofactor cluster or the P-cluster, 
However, assuming a symmetrical structure (a three fold rotation axis through 
the Mo and the opposite end Fe) whose major contribution to the EXAFS arises 
from Fe-Fe, Fe-S and Fe-Mo interactions, plausible cofactor distance 
assignments can be made, which are shown in Figure 3.7. The bridged 
double-cubane P-clusters probably contribute mainly short distances to the 
EXAFS, except for cross-cubane Fe-S interactions at approximately 3 9 A,
51
-M o — ORS
Figure 3.7 Distance assignments in A for the FeMo cofactor derived from Fe 
EXAFS Mo-O and Mo-S distances from other EXAFS studies are included (see text)
The 4 3 A Fe-S distance has not been observed before in nitrogenase 
EXAFS The [FesSgCy3 prismane EXAFS analysis includes an Fe-S 
interaction at 4.41 A, which is within 0.03 A of the distance determined by 
crystallography 22 23 The fact that the 4.3 A Fe-S distance is observable by 
EXAFS in Av1 may be significant. EXAFS is very sensitive to variations in 
absorber-backscatterer distances. If, in fact, there is large disorder in the 
cofactor cluster, it is doubtful that such a long cross-cluster interaction would be 
observable. The observation of this long distance interaction supports the 
proposal that the cofactor does have significant symmetry.
Oxidation of the metal clusters of Av1 and Av1’ resulted in very small 
distance changes. A slight contraction of the 2 3 A Fe-S distance was 
observed for both Av1 and Av1', along with a slight expansion of the 2 7 A Fe- 
Fe distance in both proteins. This behavior would argue that no major 
structural rearrangement takes place upon chemical oxidation, since these
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short distances actually define the structural core of both metal clusters. The 
long distance changes observed are also consistent with this proposal, since 
the greatest change observed was the 4.30 -> 4.38 A Fe-S distance in Av1\ 
There is striking similarity between the EXAFS of as-isolated and 
thionine oxidized Av1 and Av1’ Since there is no crystal log rap hie data 
available for AvT, the EXAFS results are the most definitive structural data 
available for it. Although EXAFS cannot determine three-dimensional structure, 
the similarity of the Av1 and Av1' EXAFS, amino acid sequence homology29 
between Av1 and Av1’, recently reported Mdssbauer spectroscopy studies,30 
and metal analysis of both proteins certainly make a strong case for very similar 
metal cluster structure between the two variants.
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Chapter 4 Fe and Mo EXAFS of Azotobacter vineiandii MoFe Protein in 
Various Oxidation States.
4.1 Introduction
Hopefully, the EXAFS studies discussed in the previous chapter will be of 
some help in refining the structural model for the metal clusters of nitrogenase. 
Since EXAFS is well-suited to the determination of short distances and 
examination of the proposed M-center and P-cluster models reveal many such 
interactions, the technique may yet yield some interesting and possibly useful 
information concerning structural changes in the metal cluster(s) induced by 
different redox states. The analysis presented in the previous chapter revealed 
small but consistent changes in EXAFS determined distances upon chemical 
oxidation of the nitrogenase component 1 proteins. What follows is a systematic 
Fe K-edge and Mo K-edge EXAFS analysis of the MoFe nitogenase (Av1) in four 
spectroscopically definable redox states.
Mo K-edge and Fe K-edge EXAFS studies of MoFe protein solutions,1 
crystals,2 and extracted FeMo-cofactor3 have yielded several interatomic 
distances and coordination numbers for various absorber-backscatterer pairs. 
Mo-O(N), Mo-S, Mo-Fe, and Mo-Fe‘ interactions have been assigned at -2.1, 
2.4, 2 7, and 3.7 A , respectively. Also, a very long Mo-Fe interaction at -5  1 A 
has been modeled in both solutions and crystals of Av1.2 Fe EXAFS of intact 
nitrogenase has yielded average distances for Fe-S, Fe-Fe, and Fe-Mo 
interactions of -2.3, 2.6, and 2.7 A. Fe EXAFS analysis of intact nitrogenase
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is complicated by the fact that 30 Fe in 2 types of clusters are present in each 
molecule, so EXAFS determined distances are averages of P-cluster and M- 
center interactions. The P-clusters undoubtedly make a significant contribution 
to the EXAFS in the short distance ranges. Figure 4,1 shows models of the 
clusters with plausible distance assignments from Mo and Fe EXAFS
Figure 4.1 Interatomic distances from Mo and Fe EXAFS assigned to the M-center 
(top), and the P-cluster (bottom)
Now that the crystallographic models are undergoing rapid refinement 
for the “resting" enzyme, active research can turn toward mechanistic studies 
from an informed perspective. There has been no EXAFS reported for 
nitrogenase that has had electrons put iato it during catalytic turnover. 
According to the Thorneley-Lowe4 5 kinetic scheme, component 1 assumes 
various En states, from E0 (resting enzyme) to E7 during dinitrogen reduction. 
Unfortunately, no one has reported any spectral characterizations of the various
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proposed states above E, It has been shown that low electron flux steady- 
state enzymatic turnover of component 1 and component 2 with H* as the only 
substrate present will result in the reduction of the S = 3/2 FeMoco EPR signal 
by 50%.4 This has been attributed to the initial reduction of component 1 to E, 
by the transfer of a single electron from component 2. The rate limiting step in 
the Thorneley-Lowe scheme is the dissociation of component 2 from 
component 1. The association-dissociation cycle is slow, with a rate of 6.4 s 1 
Once component 1 has been reduced by a second electron to E2l Hz is evolved 
rapidly and component 1 relaxes back to E0. Thus, in a low electron flux steady 
state turnover mixture E2 relaxes to E0 before it can be reduced again to form 
E3 s o  effectively the only states present at any given time are E0 and Er  E, is 
EPR silent, so the spectral amplitude is reduced by 50% compared to a control 
with the same amount of “resting" Av1 present. The electron flux is controlled 
by limiting the amount of Av2 present in the reaction mixture. Studies of Av1 in 
reduced states are important, since it has been proposed by Thorneley and 
Lowe that N2 does not even bind until the enzyme has reached E3. Fe and Mo 
EXAFS analysis of enzymatically reduced, as-isolated, and selectively oxidized 
Av1 is presented below.
4.2 Experimental
Av1 and Av2 were extracted and purified as detailed in Chapter 2. 
Specific activities of the purified components ranged from 1800-2000 nmol
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C2H2 reduced min'1 mg protein"1 for Av1 and 1400-1600 nmol C2H2 reduced
min-1 mg protein"1 for Av2.
To obtain a pure one-electron reduced EXAFS spectrum, we examined a 
steady state turnover mixture of resting and one-electron reduced MoFe protein 
from Azotobacter vinelandii, in the presence of a small amount of Fe protein 
We measured the Fe K-edge EXAFS of these E0 + E, steady state samples 
and subtracted the 50% E0 contribution, thus isolating an E, spectrum 
Specifically, steady state mixtures were prepared by incubating a 5:1 molar 
ratio of MoFe protein:Fe protein, along with excess sodium dithionite and an 
ATP regenerating mixture at room temperature in a Vacuum Atmospheres 
glove box with an argon atmosphere. The 0 2 level was held at <1.5 ppm 
throughout the entire procedure The regenerating mixture consisted of 0.025 
M Tris-HCI pH 7 4, with 10 mM sodium dithionite, 10 mM Mg-ATP, 150 mM 
creatine phosphate and 0.625 mM creatine phosphokinase. Purified MoFe 
protein was added to the reaction mixture first, followed by the Fe protein to 
start the reaction. The reaction was allowed to proceed in the glove box for 8 
mm , at which time ethylene glycol (as a glassing agent) was added to the 
reaction mixture, for a final concentration of 40% ethylene glycol, and 
approximately 20 mg/ml MoFe protein Samples and simultaneously run 
controls (without a source of MgATP or the regenerating system) were loaded 
into lucite EXAFS cuvettes and quartz EPR tubes simultaneously. Samples
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were then frozen, typically at 12 minutes from the point of addition of the Fe 
protein.
The sample condition was verified by EPR spectroscopy. Steady state 
turnover samples all showed 50% reduction in the amplitude of the S=3/2 
FeMo-cofactor signal compared to the control samples in spectra recorded at
3.2 K. EPR spectra were recorded on a computer-interfaced Bruker ER300D 
spectrometer with ESP 200 data collection software and an Oxford Instruments 
ESR-900 helium flow cryostat. Temperature was monitored with an 
FeAu/Chromel thermocouple positioned directly below the sample tube and 
monitored with an Oxford Instruments ITC-4 temperature controller.
MoFe protein with 2-equivalent oxidized P-clusters was prepared by
6
oxidation with indigodisulfonate (IDS) EPR spectroscopy has shown that the 
S=3/2 FeMo-cofactor signal remains at full amplitude7 while integer-spin (S = 3) 
EPR signals that have been assigned to 2-equivalent oxidized P-clusters 
appear upon oxidation with excess IDS.8 P-cluster oxidation with IDS was 
effected by titrating dithionite-free MoFe protein with anaerobic IDS solution 
(prepared in 0.025 M Tris-HCI pH 7 4 and 0 2 M NaCI) until the endpoint was 
reached, indicated by a persistent blue-green color. Sodium dithionite was 
removed from the MoFe protein prior to IDS titration by gel filtration with 
Sephadex G-25 (Pharmacia). IDS oxidized samples were concentrated with 
Minicon membrane concentrators to a final concentration of 90-140 mg/ml. 
EXAFS cuvettes and quartz EPR tubes were loaded and frozen in liquid
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nitrogen simultaneously. All of the above procedures were done in the glove 
box with the 02  level held at <1.5 ppm continuously EPR spectra showed no 
attenuation of the S = 3/2 FeMo-cofactor signal when compared to untitrated 
control samples. The S = 3 EPR signal (at g = 11.6 in perpendicular mode) 
which has been assigned to 2-equivalent oxidized P-clusters was present in the 
IDS oxidized samples.9'11 Other EPR signals that are assigned to different P- 
cluster oxidation states (S = 1/2, 5/2 or 7/2) were not observed.®1213 Thionine 
oxidations were done as described in Chapter 3,
The samples prepared represent a number of EPR definable redox 
states of the metal clusters in Av1 As-isolated (P/M), enzymatically reduced 
(assumed P/M ), IDS oxidized (P2*/M), and thionine oxidized (P7M 2*) Av1 were 
investigated by EXAFS
The EXAFS spectra were measured in fluorescence mode using a 
Canberra Instruments 13-element Ge solid-state array detector.14 During the 
measurement, the samples were maintained at 8-10 K in an Oxford Instruments 
CF1208 liquid helium flow cryostat. Amplifier shaping times were set at either 
0.5 ms or 1 ms, with total count rates for each channel kept below 35 kHz and 
20 kHz respectively. Single channel analyzer windows were set to collect the 
Fe or Mo K„ signal. The spectra were calibrated by simultaneously collecting 
transmission spectra of a pure metal foil, setting the first inflection point energy 
at 7111.2 eV for Fe and 20,000 eV for Mo.
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X-ray absorption spectra were recorded on several different beamlines 
Steady state turnover Fe EXAFS data were collected on NSLS beamline X-10C 
running in focused mode with Si(220) and Si( 111) monochromator 
configurations, SSRL beamline 6-2 in focused mode and Si( 111) 
monochromator configuration, and NSLS beamline X-19A in unfocused mode 
with Si(220) monochromator configuration. IDS oxidized data were collected 
on NSLS beamline X-19A in unfocused mode with a Si( 111) monochromator 
configuration, NSLS beamline X-10C running in focused mode with a Si(111) 
monochromator configuration, and SSRL beamline 6-2 in focused mode with a 
Si(111) monochromator configuration. For beamlines X-19A and 6-2, the 
second monochromator crystal was detuned to minimize the transmission of 
harmonics. For beamline X-10C, a mirror feedback system was used for
1 5
rejection of harmonics Beam spot size was maintained at a maximum of ~2 x 
12 mm with focusing optics and/or tantalum slits placed at the beam exit port. 
The incident beam intensity was monitored with a nitrogen-filled ion chamber. 
Mo x-ray absorption spectra were recorded at SSRL beamline 7-3, operating in 
unfocused mode with a Si(220) monochromator, and at NSLS beamline X-19A 
in unfocused mode with a Si(220) monochromator. For Mo samples, the beam 
intensity was monitored with argon filled ion chambers and the spot size was 
maintained by slits placed at the beam exit port.
Reproducibility of the data from all beamlines was checked by overlaying 
the data sets and comparing the EXAFS over the full range of data. De­
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glitching was performed by single-point removal on raw spectral data. The 
EXAFS oscillations were extracted from the raw data with a cubic spline and 
normalized with a Victoreen function using routine methods.16 Values of 7131
eV for Fe and 20020 eV for Mo were used to define the initial magnitude of the
? 1/2
photoelectron wave vector k = [{2m/h )(E-E<>)] . The EXAFS spectra were 
interpolated onto identical k-space grids with Ak -  0.05 A ' 1 and then averaged 
to form a single data set for both the singly reduced mixture (E0 + E,) and IDS 
oxidized MoFe protein The EXAFS spectrum of resting E0 MoFe protein was 
also interpolated onto the same k-space grid and subtracted from the E0 + E, 
mixture to yield the EXAFS of the E, state
The EXAFS spectra were Fourier transformed from k-space to R-space, 
and specific regions of the resulting transforms were then Fourier filtered and 
back-transformed for subsequent curve fitting to the single-scattering, curved- 
wave functional form of the EXAFS equation17 using a Levenberg-Marquardt 
curve fitting algorithm:18
X(*> = ' Z N ,y‘$ ' * l ) e '1’ y > in + ♦ ,{ * .* ,) ]
where the summation is over all backscatterers at a distance R(, with root-mean
2
square distance deviation o and coordination number N . The functions f(k,Rj) 
and <(>(k,Rj) represent the distance and energy dependent curved-wave 
backscattering amplitude and total phase shift, respectively. The amplitude 
reduction factor y was held fixed at 0.9 during all fits.1
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(CO)3MoFe6S6Mo(CO)3 as discussed in Chapter 3.119 The AE0 parameters 
determined from the model compound fits were held fixed for the protein fits. 
The protein fits were effected by locking the coordination number (N) to values 
obtained from the crystallographic models20'22 while optimizing a2 and the radial




The Fe EXAFS of IDS-oxidized MoFe protein (P2*/M) is shown in Figure 
4.2 along with 4-shell and 5-shell curve fits (see below). For curve fitting 
analysis, the Fe EXAFS of the IDS oxidized MoFe protein was Fourier 
transformed (k = 3-14.5 A 1) and then the R-space region from 0-6 A was back- 
transformed. Since IDS does not effect the oxidation level of the M-center, a 
large change in the M-center distances is not expected, so the Fe-Mo distance 
at 2.71 A previously determined by Mo K-edge EXAFS of resting enzyme was 
held fixed for the IDS fit. The best 4 shell single-scattering fit with this 
constraint (Table 4.1 and Figure 4.2), found average Fe-S and Fe-Fe distances 
of 2.31 A and 2.65 A, as well as a long Fe-Fe component at 3.74 A.
The fit shown in Figure 4.2 is reasonable but not exact, although EXAFS 
fits rarely are. Multiple scattering possibilities were examined by Jason
„ I ™ r rf..f":ê EXAFS 0f IDS <”"di2ed <sh°""  s°w > «"h « component (short dash) and the 5
cn
Table 4.1 Results of curve fitting for Fe EXAFS
Fe-S AE„ = -3eV Fe-Fe \E0 = -8eV Fe-Mo \E0 = -6eV Fe-Fe \E0 = -lOeV
r ' v  _ R. A a '  x 10r
A2
N R, A a '  X  10s"
f \
N R, A <?x 10s" 
A2
N R, A V x 10̂ |
A2 i
r p ^ /M "  r
4-shell 3 6 2 29 555 3 2 2 66 988 0 2 2 72 443 1 3 3 73 369
5-shell 3 6 2 29 501 1 6 2 61 333 0 2 2 72 443 1 3 3 74 395
1 6 2.74 333
p 2* m
4-shell 3 6 2 31 506 3 2 2 65 871 0 2 2 71 290 1 3 3 74 347
S-shell 3 6 2 31 475 1 6 2 59 333 0 2 2 71 290 13 3 75 344
16 2 70 333
P/M
4-shell 3 6 2 31 599 3 2 2 63 634 0 2 2 71 295 1 3 3 73 361
5-shell 3 6 2.31 532 1 6 2 58 333 0 2 2 71 295 1 3 3 74 392
1 6 2 67 333
P/M
4-shell 3 6 2 33 578 3 2 2 60 938 0 2 2 6 6 398 1 3 3 72 245
5-shell 3 6 2 33 655 1 6 2 54 333 0 2 2 6 6 398 1 3 3 72 243
. .





Christiansen at the University of California, Davis, before further analysis was 
undertaken within the single scattering formalism. Using symmetrized models 
for the M-center and P-cluster cores, and analyzing for possible multiple 
scattering contributions with FEFF5,23 he detected no significant multiple 
scattering contributions in the 1-3 A range for either Fe or Mo. The largest 
multiple scattering pathway predicted for the < 3 A range for Fe was a 3.6 A Fe- 
S-Fe path that contributed 7% to the large Fe-S interaction at *  2.3 A. There is 
a predicted contribution of 25% to the long Fe-Fe interaction at 3.7 A. There is 
no significant multiple scattering predicted for the cubane cores of the P- 
clusters. It should be noted that FEFF5 requires that the analyst input a 
structural geometry prior to analysis. If, in fact, the nitrogenase metal clusters 
are significantly asymmetric, then the multiple scattering predictions could be in 
error However, examination of the crystallographic models and previous 
EXAFS data tends to support the proposal that the short distance interactions 
in Av1 are dominated by single scattering.
The average Fe-Fe distance of 2.65 A is not significantly different from
the 2 63 A value for resting enzyme. However, the large a value of -0.09 A2
for the 2.65 A Fe-Fe interaction may be significant. In fact, it was the
2
observation of this large value for a that inspired this analysis. Typical values 
for thermal motion disorder of short bridged metal-metal distances are on the 
order of 0.05 A or less, so a o of -0.09 A2 indicates a measure of ‘static’ as 
opposed to ‘thermal’ disorder. One could argue that the short Fe-Fe distances
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nitrogenase simply get more disordered upon oxidation, yielding an average 
distance of 2.65 A. An alternative view is that the P-cluster Fe-Fe interactions 
have all expanded while the cofactor interactions have remained the same 
upon IDS oxidation, yielding an average of 2.65 A.
Nitrogenase crystallographic data from the laboratories of both Rees21 
and Bolin22 indicate that the short Fe-Fe distances in the cofactor are smaller 
than the short distances in the P-cluster. The EXAFS analysis in the previous 
chapter determined an average Fe-Fe distance of 2.64 A for as-isolated Av1 
Reanalysis of the same data in this study by fixing N at 3.2 (from inspection of 
the crystallographic models) and fixing the Fe-Mo interaction at 2.71 A (see
above) resulted in a distance fit of 2,63 A. The o2 values in both cases were 
slightly higher than expected for a short interaction, but not totally 
unreasonable. Crystallographically modeled values of this short Fe-Fe distance 
in Cp1 average 2 71 A in the P-cluster. with a root mean square deviation of 
0.13 A, and 2,60 A in the M-center, with a root mean square deviation of 0 13 
A .22
A "split shell" EXAFS analysis was effected by defining N = 1.6 for both 
P-cluster and M-center, and fitting the 2.65 A Fe-Fe distance with two shells 
instead of one. The EXAFS resolution criterion AR ^ ti/2Ak over the data range 
of k = 3-14.5 A 1 does not allow complete resolution of identical backscatterers 
that have distances that differ by less than 0.14 A .24 Nevertheless, it seemed 
reasonable to attempt a “split shell" EXAFS analysis of Av1 in different
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oxidation states, to determine if any consistent changes or trends were
indicated. Allowing for two different short Fe-Fe components while constraining
2
as many other parameters as possible resulted in a somewhat improved fit if n 
and R were allowed to vary. Short Fe-Fe distances of 2.59 A and 2 70 A were 
determined for IDS oxidized Av1, as shown in Table 4.1
The previously reported as-isolated and thionine-oxidized Av1 Fe 
EXAFS were reinterpreted with the new model1 (Table 4.1). As expected, the 
thionine-oxidized spectrum, which produced the largest <tFb_Fb values in the 4- 
shell fits, gave the largest difference in Fe-Fe distances when fit with the "split- 
shell" model, with an average M-center short Fe-Fe of 2.61 A, compared to a P- 
cluster short Fe-Fe of 2 74 A, A 2.74 A Fe-Fe distance has been observed in a 
synthetic Fe4S4 cluster,25 while the 2,61 A distance is similar to the 2.64 A value 
reported foi isolated FeMoco 3 The as-isolated spectrum also gave a relatively 
short M center Fe-Fe distance of 2.58 A, which is approaching the distance 
seen in Fe-Fe bonding interactions.
The reduced Av1 E, EXAFS was extracted from the E0 + E1 mix by 
subtracting the EXAFS of as-isolated Av1 scaled to 50% amplitude (see 
above). The subtraction process resulted in an increase of the noise level in 
the pure E, EXAFS which was significant above k -  11 To provide additional 
constraints for the more complex Fe analysis, the Mo EXAFS data was fit first 
The Mo EXAFS was Fourier-filtered to select the region from 1-3 A and 
backtransformed The fits yielded Mo-(O.N), Mo-S, and Mo-Fe distances of
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2.13, 2,36, and 2.65 A respectively (Figure 4 3 and Table 4.2). Of these 
distances, the most significant result is the apparent 0.06 A contraction in the 
Mo-Fe distance. This Mo-Fe distance and the associated o; of 0.004 A2 were 
then used as constraints in the analysis of the Fe EXAFS of the E, enzyme
(P/M).
The Fe EXAFS was Fourier filtered, and the -1-3.5 A region was 
backtransformed and fit with both single Fe-Fe shell and split Fe-Fe shell 
simulations, as described above for IDS oxidized Av1. The Fe-Mo distance and 
a of 2.65 A and 0.06 A determined in the Mo analysis were held fixed. The 
results are summarized in Table 4.1 and Figure 4.4. Using a single short Fe-Fe 
interaction, Fe-S and Fe-Fe distances of 2.33 A and 2.60 A were determined. 
Allowing for a split Fe-Fe distribution gave subshell average distances of 2.54 
and 2.66 A. A fit of the Fourier filtered 3.2-4.5 A region showed an Fe-Fe 
interaction at 3.72 A, only slightly shorter than the 3.74 A distance seen in 
resting Av1
4.4 Discussion
Figure 4.5 depicts the overall distance trends in the short Fe-Fe and the 
short Mo-Fe interaction, respectively, for the 4 defined oxidation states 
examined. Many of the individual changes are small, within the generally 
accepted EXAFS error of ± 0,02 A,26 but a clear trend is still apparent. 
Examination of Table 4.1 and Figure 4.5 shows that reduction results in a slight 
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F ig u re  4 .5 . P lo ts  s h o w in g  th e  tre n d s  in m e ta l-m e ta l d is ta n c e s  d u r in g  m e ta l 
c lu s te r  o x id a tio n /re d u c tio n . T o p : T he  v a r ia tio n  in F e -F e  d is ta n c e s  as the  
p ro te in  g o e s  fro m  fu lly  o x id iz e d  (P 27 M *) to  re d u c e d  (P /M ')  T h e  c e n te r  p lo t 
in d ic a te s  th e  v a r ia tio n  in the  4  c o m p o n e n t fits  w h ile  the  o u te r  d a ta  p o in ts  
in d ic a te  th e  tre n d  d e m o n s tra te d  in th e  sp h t-sh e ll fits  B o tto m : T re n d  in th e  Fe- 
M o in te ra c t io n  fo r d if fe re n t re d o x  s ta te s  o f the  p ro te in
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average Fe-S distance. This trend follows for both short Fe-Fe interactions in 
the split-shell model, as well as the single interaction fit with only one shell.
The split-shell analysis may be defended as chemically reasonable in 
light of the crystallographically modeled Fe-Fe average distances in the P- 
cluster and M-center cited above 2122 EXAFS of extracted cofactor has shown 
shorter Fe-Fe distances than those observed in intact Av1.3 Also, the Fe in the 
M-center is 3-coordinate according to the proposed models, and a tighter 
structure may exist in the M-center than in the P-cluster due to stronger Fe-Fe 
interactions. The average "split" of 0.11 A between the proposed P-cluster and 
M-center distances in the ‘'split-shell” model actually approaches the predicted 
resolution of 0 14 A cited above.24
Perhaps the most important result of this analysis is that very little 
EXAFS resolvable structural change takes place in either the M-center or P- 
cluster in the oxidation range examined. The E, state is catalytically competent 
to reduce H+ and the E, EXAFS showed small changes from the as-isolated 
Av1, but no dramatic structural rearrangements were apparent. In every 
oxidation state examined, the long Fe-Fe interaction at *  3.75 A was apparent, 
which also argues against large structural rearrangements.
The binding site of N2 on, near, or in the cofactor cluster is as yet 
unknown. It has been proposed that N2 somehow gets inside the cofactor 
cluster, perhaps by the cofactor breaking apart to accomodate it.27 Theoretical 
studies by Deng and Hoffman suggest that the lowest energy binding site(s) are
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on the surface of the cofactor, not inside it.28 They estimate that the short Fe- 
Fe would have to expand to = 3.0 A to accomodate N2. In this study, no 
change of that magnitude was observed in the oxidation states examined.
Contraction of metal clusters upon reduction is atypical behavior29 In 
most documented cases, they have been shown to expand as they become 
more reduced. There are examples of metal cluster distance contractions as 
electrons are added Mo clusters have been shown to have 2.6 A, 2.5 A, and
2.1 A Mo-Mo distances in Mo(V)-Mo(V), Mo(IV)-Mo(IV), and Mo(ll)-Mo(ll) 
bonds, respectively.30 However, in both [Fe6S6L6]"' prismanes and [Fe4S4]n* 
clusters, addition of electrons results in longer Fe-Fe distances,31 as is also the 
case with the Mo-capped prismanes.19 So, the observed distance contraction 
in Av1 is atypical for synthetic Fe-S-containing clusters, but the three 
coordinate Fe in the M-center is also atypical.
It should be stressed here again that EXAFS only reports average 
distances. Thus, an asymmetric distortion in the P-cluster, M-center, or both 
upon change in oxidation state could result in a combination of long and short 
distances for the same apparent absorber-backscatterer interaction This 
undoubtedly occurs to some extent, since the resting state enzyme 
crystallographic model shows some distance distribution for the short Fe-Fe 
distance 2122 However, very large distortions can result in anomalous EXAFS 
behavior Asymmetric distance distributions that tail to long distances can yield 
EXAFS that overemphasizes the short interactions, to the extent that the
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distances found in optimized curve fits are actually less than the true average 
distance.32 This could be happening in Av1, in either the M-center or the P- 
cluster upon oxidation or reduction, but EXAFS is not capable of determining 
this.
If the split-shell analyses do, in fact, give a reasonably accurate model of 
the M-center and P-cluster short Fe-Fe interactions, then the especially short 
Fe-Fe in the M-center warrants some discussion. The reduced M-center value 
of 2.54 A is very close to that in clusters where metal-metal bonding is 
suspected Fe2(CO)9 shows an Fe-Fe distance of 2.52 A, and it has been 
speculated that it may or may not have an Fe-Fe bond.33 34 In any event, the 
short Fe-Fe distance in Av1 may allow for significant electronic interaction 
between the Fe atoms, resulting in an “activated" cofactor surface, competent 
to reduce N2. The distance changes observed for the various redox states may 
indicate that the cofactor and/or P-cluster undergo some sort of "breathing" or 
pulsating motion during the substrate reduction cycle.
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Chapter 5 EPR Studies of the One-Equivalent-Oxidized P-clusters of the 
Nitrogenase MoFe Protein.
5.1 Introduction
The nitrogenase MoFe protein of Azotobacter vinelandii (Av1) contains 
one Fe7S9Mo cofactor cluster, or FeMoco, in each of its two a subunits, and 
two P-clusters, which are each composed of two Fe4S4 cubane clusters 
coupled by two bridging cysteine thiols and one sulfide. One P-cluster spans 
each ap interface.1 3 It has been shown that the cofactor clusters are 
necessary for catalysis, and it is widely accepted that catalysis occurs on or 
near the cofactor. The role of the P-clusters is not yet known, but it is 
reasonable to propose that they are somehow involved in the catalytic function 
of nitrogenase, perhaps as electron acceptors from component 2. In any event, 
the reduction of dinitrogen is a redox process, and elucidation of the possible 
stable redox states accessible to the P-clusters may be fundamental to 
understanding the catalytic mechanism of nitrogenase.
5.2 Background
As-isolated Av1 exhibits an S -  3/2 EPR signal4 with g-factors of 4.3,
3.7, and 2 .0, which has been assigned to the FeMo cofactor. This signal is 
bleached during catalytic turnover, presumably due to reduction of the 
cofactor.5 Chemical oxidation also results in loss of the S -  3/2 EPR signal6, 
which may be restored by chemical reduction with sodium dithionite (DTN).
The P-clusters are diamagnetic in as-isolated Av1, but become paramagnetic
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upon oxidation. Magnetic circular dichroism78 (MCD) and Mossbauer 
spectroscopy6 of oxidized Av1 have indicated spin states of S = S/2-7/2 and S = 
3/2-9/2, respectively. Integer-spin9 11 EPR signals have been observed in Av1 
that has been oxidized by four or more equivalents with the redox dye thionine 
They have been proposed to arise from an S = 3 spin system of 2-equivalent 
oxidized P-clusters (P2*). Spin quantitation of these signals indicates that there 
are approximately two spins per Av1 molecule, which is what would be 
expected if each P-cluster was oxidized by two equivalents, forming an integer 
spin system on each cluster. Further oxidation with a large molar excess of 
thionine solution or by stirring over solid thionine results in the appearance of S 
= 7/2 and S = 1/2 EPR signals that have been assigned to 3-equivalent 
oxidized P-clusters (P3*).1112 Oxidation past this point has been shown to 
result in irreversible deactivation of Av1, along with the appearance of an S = 
5/2 EPR signal at g = 4.3, which is typical of high-spin Fe3+, a possible metal 
cluster degradation product. All of the oxidations up to and including P3+ are 
reversible, and cause essentially no loss of catalytic activity.
Thionine titrations of Av1 have been shown to follow a well established 
pattern.6 The first four oxidizing equivalents have no effect on the S = 3/2 
cofactor signal, but the integer spin EPR signals assigned to P2* attain maximal 
amplitude at 4 equivalents. The cofactor EPR signal is removed by the next 
two equivalents of oxidant, so it follows that the first four equivalents of oxidant 
most likely oxidize the P-clusters. It has been proposed that the P-clusters are
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oxidized by 2 equivalents each in an n = 2 Nernstian process, and go directly 
from P° to p2*.9'11 However, an S = 1/2 EPR signal that has been observed in 
thionine titrations of Av113 and K3Fe(CN)6 oxidized Kp114 (the component 1 
nitrogenase of Klebsiella pneumoniae) indicates that P* (singly oxidized P- 
cluster) may be a stable paramagnetic species, although integrations of these 
signals show that they arise from a minority species.
Studies of the power saturation behavior of the S = 3/2 cofactor EPR 
signal of Av1 during stepwise thionine titrations have demonstrated that a 
dipolar interaction occurs between the P-clusters and M-centers as the titration 
proceeds through the first four oxidizing equivalents.15 This interaction results 
in a measurable change in the power saturation behavior of the S = 3/2 EPR 
signal and is nonlinear, showing maximum change at the 2-equivalent-oxidized 
step. This strongly suggests the existence of a paramagnet that is created 
during the early stages of the thionine titration, and the most likely candidate is 
the P-cluster, since it is in relatively close proximity to the M-center (*  14 A ).3 
The fact that the perturbation to the power saturation behavior of the M-center 
is maximized at 2 oxidizing equivalents and there are 2 P-clusters per Av1 
molecule indicates that the paramagnetic species created may actually be P*, 
or 1-equivalent oxidized P-cluster. Further EPR studies and theoretical 




Since both nitrogenase component proteins are purified and stored in 
the presence of the reductant sodium hydrosulfite (sodium dithionite or DTN), it 
was necessary to remove it prior to conducting oxidative titrations. This was 
done by gel filtration chromatography, using Sephadex G-25 (Pharmacia) and 
anaerobic 0.025 TRIS-HCI (pH 7.4) buffer with 0.2 M NaCI. The Av1 was 
loaded onto pre-equilibrated 13 cm x 1.5 cm columns and eluted with the 
previously mentioned buffer. Collected fractions were assayed for residual 
DTN with methyl viologen indicator.
The dithionite-free Av1 was titrated with thionine solution prepared by 
dissolving saturating amounts of thionine (ICN) in the same buffer. The 
thionine solutions were filtered with 0 2 pm syringe filters to remove any solid 
oxidant. Titrations were carried to endpoint, which is indicated by a persistent 
bluish tint in the protein solution. Assuming the apparent endpoint to be at the 
6-equivalent-oxidized step (4 equivalents for the P-clusters, and 2 more to 
oxidize the FeMo cofactor), appropriate aliquots of oxidant were used to titrate 
separate Av1 samples in a stepwise fashion, from 0 to 6 equivalents oxidized. 
Also, incremental titrations were done using small aliquots ( < 1 oxidizing 
equivalent per step) while monitoring the S = 3/2 FeMo cofactor EPR signal, 
since it has been shown that it retains full amplitude until the 4th oxidizing 
equivalent and is removed by the 5th and 6th equivalents.6 15 The S = 3/2 EPR
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signal of Av1 served as an "internal standard” which allowed accurate 
calibration of the oxidative titrations.
All experimental samples were allowed to stand in the glove box for at 
least 30 min. to assure equilibration and then were loaded anaerobically into 
quartz EPR tubes and frozen in liquid nitrogen. The final protein concentration 
varied from 11 to 30 mg/ml Av1. The samples were checked for nitrogenase 
activity by acetylene reduction assay and were found to show no significant 
loss of activity
EPR spectra were recorded on a computer interfaced Bruker ER300D 
spectrometer operating in perpendicular mode at X-band (9.44 GHz) frequency. 
The spectrometer was fitted with a rectangular TE 102 resonant cavity. An 
Oxford Instruments ESR-900 helium flow cryostat was used to reach low 
temperatures ( > 2.8 K) which were monitored with an Oxford Instruments ITC-4 
temperature controller connected to an FeAu/chromel thermocouple positioned 
directly below the sample tube.
The oxidative titrations described above were designed to access 
oxidation states available to the metal clusters of nitrogenase in the 0 - 6 
equivalent oxidized range. At no time was sufficient oxidant added to create 
the 3-equivalent-oxidized P-cluster species P3*, and the previously mentioned 




Figure 5.1 shows EPR spectra of 2-equivalent-oxidized (A), and as- 
isolated Av1 (B). Both spectra show the typical S = 3/2 FeMo cofactor signal, 
but the spectrum of 2-equivalent-oxidized Av1 also shows inflections in the g =
2 and the g = 5 - 8 regions which are not observed in the as-isolated Av1 
spectrum. These inflections attain maximum amplitude in the 2-equivalent- 
oxidized samples of Avt, and are abolished by the 4-equivalent-oxidized step.
Figure 5.2 is an EPR spectrum of the g = 2 region of 2-equivalent- 
oxidized Av1, showing, inflections at g -  2,06, 1.95, 1.89, and 1.82. The 
inflections at g = 2.06, 1.95, and 1 82 exhibit similar saturation behavior and 
amplitude variation, and may be assigned to the same signal, which arises from 
an S = 1/2 spin state. This signal is reminiscent of the S = 1/2 EPR signals of 
reduced ferredoxins, which arise from FeS clusters.16 It also exhibits power 
saturation behavior that is typical of these species, saturating very easily at low 
(< 5 K) temperature. As mentioned previously, observation of a similar signal 
has been reported by other investigators in thionine oxidized Av113 and 
K3Fe(CN)6 oxidized Kp1 14 The small inflection at g = 1.89 will be discussed 
below.
EPR spectra of the g = 5 - 8 region recorded at (A) 15 K and (B) 8 K of 
2-equivalent-oxidized Av1 are shown in Figure 5.3. Inflections are apparent at 
g = 6.67, 7 3, and 5.30 in spectrum A, which are diminished in amplitude in 
spectrum B. Since spectrum A was recorded at 15 K and B recorded at 8 K, it 
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Figure 5.1 EPR spectra of (A) two-equivalent oxidized and (B) as-isolated Av1 Spectra have been normalized for 
spectrom eter gain and protein concentration EPR spectrom eter conditions m icrowave frequency. 9 45 GHz. modulation 
frequency, 100 kHz, modulation amplitude, 1 25 mT; m icrowave power, 20 mW, temperature, 15 K
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Figure 5.2. EPR spectrum of the g = 2 region of two-equivalent oxidized Av1 The signals at g = 2 06, 1 95 and 1 82 are 
assigned to the same S = 1/2 spin state The signal at g ~ 2 01 is the high-field inflection the S = 3/2 FeMoco signal of Av1 
The origin of the small inflection at g = 1 89 is unknown (see text). EPR spectrometer conditions: microwave frequency,
9 45 GHz; modulation frequency, 100 kHz, modulation amplitude, 1 25 mT; microwave power, 20 mW, temperature, 15 K
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Figure 5.3 EPR spectra o f the g = 5-8 region of two-equivalent oxidized Av1 at (A) 15 K and (B) 8 K The signals at g = 
6 67 and 5 30 are assigned to the same S = 5/2 spin system, while the signal at g = 7 3 may arise from another S = 5/2 
spin state The increased amplitudes of these proposed S = 5/2 signals at 15K indicate that they are excited states The 
small inflection at g = 6 05 in (B) is probably the excited state transition (|±3/2>) of the S = 3/2 FeMoco spin manifold
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absorbance shaped inflection at g = 6.67 and the derivative-shaped inflection at 
g = 5 30 were assigned to the I ± 1/2 ) doublet of an inverted S = 5/2 spin 
system with X = I E/D I % 0.029 (where D and E are the axial and rhombic zero 
field splitting parameters, respectively) using “RHOMBO" (Figure 5.4; also, see 
Materials and Methods), which was donated to us by Professor W. R. Hagen.9 
A predicted third inflection at g = 1.97 was not observed. This inflection may 
have been obscured by the g = 2 0 inflection of the S = 3/2 FeMo cofactor 
signal, or it may be unobservable due to g-strain line broadening.9 There was 
no spectral evidence of any transition within the [ ± 3/2 ) or ( ± 5/2 ) doublets 
of the S = 5/2 system with g = 6.67 and g = 5.30. Inflections predicted at g =
5 97, 0.68, and 0.70 for the I ± 3/2 ) doublet and g = 0.006, 0.006, and 9.99 for 
the j ± 5/2 ) doublet were not observed at any temperature. The transition 
probability within these doublets is essentially zero, due to relatively low 
rhombicity and large g-factor anisotropy.9
The inflection at g *  7.3 may be tentatively assigned to the low field 
resonance of another S = 5/2 spin system. Unequivocal assignment of a spin 
state is impossible when only one spectral line is observed. The g % 7.3 
inflection may possibly arise from the I ± 1/2 ) doublet of an S = 5/2 spin 
system. It is an absorbance-shaped inflection, and therefore is most likely the 
extreme low-field inflection of a spin system with S > 5/2. If, in fact, the g *  7.3 
signal does arise from the I ±1/2  ) doublet of an inverted S = 5/2 signal, two 



















Figure 5.4 R hom bogram  ’ ca lcu lated for an S = 5/2 spin system  Dashed lines 
ind icate  pred icted  g-factors fo r the s ignals at g  = 6 67 and g  = 7 3 The doub le ts are 
(top), i ‘  5-2 ) . (middle), ! ± ) : (bottom), I t  1/2 ). The spin system  d iscussed in the
text is ‘inverted", i e , the I * 1/2 ) doub le t is the excited  s ta te
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predicted inflection at g -  4 3 was not observed, and coutd have been obscured 
by the dominant line of the S = 3/2 FeMoco signal at g = 4.3. A sharp inflection 
was observed at g -  1.89. It is unlikely that this feature arises from the same 
spin state as the g = 7 3 inflection, since it is sharper than the inflection at g = 
7.3. High field inflections in the EPR spectra of transition metal clusters and 
complexes often show g-strain broadening, and are rarely sharper than the 
corresponding low-field inflections.9 No signals were observed that could be 
assigned to predicted transitions within the I ± 3/2 ) and I ± 5/2 ) doublets of 
the S = 5/2 spin system. Lines predicted at g = 10, 0.023, and 0.024 for the I ± 
5/2 ) doublet would be unobservable due to low transition probability, and 
predicted lines at g = 5,9, 1,3, and 1 4 arising from the I ± 3/2 ) doublet also 
have a relatively low transition probability Assignment of the g -  7.3 inflection 
to higher spin states, such as S = 7/2 or S = 9/2 is doubtful, because an 
observable line at g -  7.3 would lead to the prediction of other observable lines 
arising from other doublets in the spin system, and none were observed at any 
temperature. Exact assignment of the g = 7.3 signal is impossible considering 
the limited available data, but it should be stressed that an unequivocal 
assignment of S is not absolutely required to propose a logical model for P- 
cluster oxidation.
The S = 5/2 signals arise from excited states, as determined by 
temperature-dependent depopulation experiments. The signals were 
integrated by the method of Aasa and VanngArd.17 Integrated signal areas
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were multiplied by the absolute temperature for Curie law correction. Since the 
signals at g = 6.67 and g = 7.3 overlap, a perpendicular line was constructed 
from the baseline to the minimum between the peaks to separate the two 
areas, and then each was integrated. This has the obvious effect of cutting off 
the low-field wing of the g = 7.3 inflection and the high-field wing of the g = 6.67 
inflection, possibly introducing serious inaccuracy in the integrations. Although 
the absolute integrated areas of the two S = 5/2 signals are probably 
inaccurate, their relative integrated areas are quite dependable. Temperature- 
dependent depopulation data was fitted to the Boltzmann distribution 
expression for the intensity of an EPR signal arising from the I ± 1/2 ) doublet 
of an inverted S = 5/2 spin system. The expression used was:
AT -  B*DlkT/ <1 + e'20,*T + e'ww*T) 
where A is the signal area, T is the absolute temperature, D is the axial zero- 
field splitting parameter, and k is the Boltzmann constant. Curve fits of the 
experimental data in the 0 - 25 K temperature range yielded D = -3.2 ± 0.2 cm'1 
for the g = 6.67 signal and D = 3.2 ± 0.2 cm'1 for the g = 7.3 signal. Line 
broadening made integration impossible for temperatures above 25 K. The 
uncertainties expressed are calculated standard deviations for the curve fits.
A weak low-field EPR signal appeared at g = 11.6 as the titration 
proceeded, and gained maximal amplitude at the 4-equivalent-oxidized step of 
the titration. This is shown in Figure 5.5. The g = 11.6 signal remained at full 
amplitude after > 6 electrons were removed by thionine titration, at which point
g = 11.6
2 m T
F igu re  5.5 EPR spectrum of the g = 11 region o f four-equivalent oxidized Av1 The spectrum has been corrected by 
subtraction o f a sloping baseline EPR spectrom eter conditions: frequency, 9 45 GHz; modulation frequency. 100 kHz; 
modulation amplitude, 1 25 mT, m icrowave power, 50 mW; temperature, 15 K
toCO
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the S = 3/2 cofactor signal is entirely abolished. As mentioned above, an 
integer-spin {proposed S = 3) signal assigned to P2* with g = 11.9 has been 
observed in previous parallel-mode EPR studies of oxidized Av1.9 11 
Perpendicular-mode EPR studies of the same species have revealed a signal 
at g ~ 11.6 ± 0.4 that is very similar to the one shown in Figure 5.5.11 The 
signal arises from an excited state, as verified by temperature studies, in 
agreement with the reports cited above. Also, oxidative titration with excess 
indigodisulfonate can induce this signal, while the S = 3/2 FeMoco signal 
remains unaffected, thus supporting the proposal that it arises from the P2+ 
species.
Population corrected maximum signal areas assigned to the different P- 
cluster oxidation states expressed as a percentage of the S = 3/2 cofactor 
signal in the same sample are shown in Table 5.1. D values for population 
correction were experimentally determined by us (D = -3.2 ± 0.02 cm 1 for both 
S = 5/2 signals), or obtained from the literature4 (D = 5.1 cm'1 for the S = 3/2 
FeMoco signal). The relative intensity of of the absorbance shaped integer- 
spin signal at g = 11.6 was determined by single integration, but could not be 
compared directly to the the S -  3/2 FeMoco signal, since the g = 11.6 signal 
arises from an integer spin system observed by perpendicular-mode EPR.
5.5 Discussion
Figure 5.6 shows the relative integrated areas of the EPR signals arising 
from the the S = 1/2, S = 5/2, and S = 3 P-cluster signals normalized to
Table 5.1 EPR parameters of oxidized metal centers in Av1
I d e n t i t y S p i n
S t a t e
Sx Ky ft z I )
( C III - 1 )
M a x i m  uni %  
p e r  Ni­
c e  n t e r
[>f
riIIoc 2 . 0 6 1.95 1.8 2 - - ■ 8 ± 2 U
1>+ S -  5/2 * 6 . 6 7 5 . 3 0 * ( 1 . 9 7 ) - 3.2 1 ,2'J . 0 2 9 29 1 6
I**- II r -
> * 7 . 3 ( 4 .6 ) 1.9) - 3.2 i  .2 .05 9 34 1 5
M  center S -  5/2 6 . 0 5 t’(< .5) ' ( <  .5) —
/ P2 + S -  3 - - ■ 1 1.6 — ■ -
S = 7/2 * 1 0 . 4 5.5 ( 1 . 8 ) - 3.7 ,04 3 65 i  10
S = 1/2 1 .97 1.88 1.68 — 12.5 t  1.5
dUncertainties are calculated standard deviations among data sets Dg-factors listed arise from the 11 1/2=- doublet ‘ y-factors 
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Figure 5.6 Relative EPR spectra l areas for (A) ha lf-in teger (S = 5/2. 1/2) and (B) 
integer (S = 3) spin states In (A), re la tive spectral areas of the S = 5/2 w ith g -  7 3 
(A) S = 5/2 w ith g = 6 67 (O), and S = 1/2 (□ )  are plotted as a function of oxid izing 
equiva lents The re lative spectra l areas of the S = 3/2 FeM oco signal (■ ) and the S =
3 signal (O) w ith  g = 1 1 6  are plotted in (B) Theore tica l p lots are also shown ( ------}
predicting the re lative spectra l am plitudes of both the ha lf- in teger (S = 5/2, 1/2. arising 
from  P*) and in teger (S = 3, arising from  P2*) s ignals
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maximal area for each signal, along with the S = 3/2 FeMoco signal, plotted as 
a function of oxidizing equivalents The S = 1/2 and both S = 5/2 P* signals 
attain maximum area at 2 oxidizing equivalents, while the S = 3 P2* signal 
attains maximum area at 4 oxidizing equivalents. Note that the half-integer P+ 
signals have been completely removed at the point in the oxidation (4 
equivalents oxidized) that the P2+ integer-spin signals attain maximal amplitude. 
Also, the S = 3/2 cofactor signal remains essentially constant until after the 4th 
equivalent of oxidant, in agreement with previously reported MOssbauer results 
which indicate that the first 4 equivalents of oxidant go to oxidize the P- 
clusters,6
The relative spectral intensities shown in Figure 5.6 suggest a possible 
model for P-cluster oxidation. It appears that the P-clusters in Av1 oxidize 1 
equivalent at a time, and the first oxidizing equivalent gives rise to the S = 5/2 
and S = 1/2 species, which may be assigned to P*. The next oxidizing 
equivalent creates the P2+ species, from which we observe the integer-spin 
EPR signal at g ~ 11.6. The signals arising from the P* and P2* states 
maximize at 2 and 4 oxidizing equivalents, respectively, because there are 2 P- 
clusters per Av1 molecule. This behavior is strikingly similar to earlier results 
reported from this laboratory which show a non-linear change in the relaxation 
time of the S = 3/2 cofactor signal as a function of oxidizing equivalents in the 
0-4 equivalent range.16 This change in the relaxation behavior of the S = 3/2
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cofactor signal is most likely due to magnetic interaction of the cofactor spin- 
system with the paramagnetic P-cluster species P*
A simple theoretical model may be proposed to explain the oxidation 
behavior of the P-clusters and to simulate the observed spectral data. A similar 
model was previously proposed to model the change in relaxation behavior of 
the S = 3/2 FeMoco signal during oxidative titration.15 The model is constructed 
with the following constraints. (1) The first 4 electrons removed in the oxidative 
titration are taken from the P-clusters. (2) There are 4 equivalent sites (2 on 
each P-cluster) from which 1 electron can be removed during the initial 
oxidation. (3) In a titration with limiting thionine solution, each site can only be 
oxdized by 1 equivalent, resulting in P+ (1 site oxidized), or P2+ (2 sites 
oxidized), but not P3+ {which is unattainable at the thionine concentrations that 
were used). (4) If 2 sites on the same P-cluster are oxidized, they interact 
magnetically.15 (5) The P-cluster oxidation is completely random. Any site is 
just as likely to be oxidized by 1 equivalent as any other, even if the other site 
on the same P-cluster has already been oxidized. (6) If one site on a P-cluster 
is oxidized <P*), it becomes paramagnetic with a half-integer spin. (7) When 
both sites on the same P-cluster are oxidized {P2*), the sites interact 
magnetically and give rise to an integer-spin state 9-11 This model is not able to 
distinguish between different S = n/2 spin states, but it can predict the 
occurrence of integer and half-integer spin states as the oxidative titration 
proceeds.
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The intensity variation of the P* half-integer and P2+ integer spin EPR 
signals may be modeled using the following equation:
(Ox)4 + 4(Ox)3(Red) + 6(Ox)2(Ox)2 + 4(Ox)<Red)3 + (Red)4 = 1 
where the fraction of sites oxidized is given by Ox = n/4 with 4 > n > 0 and n is 
the number of oxidizing equivalents. It follows that the fraction of sites reduced 
may be represented by Red = (1 - n/4). Using this equation, the fraction of Av1 
proteins in the various oxidation states may be calculated as the titration 
proceeds. For example, (Ox)4 represents the fraction of Av1 molecules with all 
4 available sites oxidized, while the term 6(Ox)2(Ox)2 represents the fraction 
with 2 sites oxidized and 2 reduced The binomial coefficients for each term 
represent the degeneracies of the various possible redox states; i.e., there are 
6 ways to oxidize the 4 sites in Av1 by 2 equivalents, which is the state defined 
by the term 6<Ox)2(Ox)2. The equation was used to calculate the relative 
populations of half-integer and integer spin species as the oxidative titration 
proceeded in a step-wise fashion, and the contributions from each term to 
integer and half-integer spin states were tabulated. The results of the 
calculation, normalized to maximal amplitude, are shown as the solid lines in 
Figure 5.6. The theoretical model gives a reasonable fit to the experimental 
data, and predicts the relative amplitudes of integer and half-integer spin EPR 
signals quite well.
Unfortunately, the theoretical model is not as accurate in predicting 
absolute spectral areas. The model predicts that the maximum attainable area
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for the half-integer spin species arising from P* occurs at 2 oxidizing 
equivalents, in agreement with experiment, but that the area only attains 44% 
of the area of the S = 3/2 FeMoco EPR signal. Examination of Table 5 1 
reveals that the sum of the areas of the EPR signals of half-integer spin species 
assigned to P+ is 71 ± 8%, which is greater than predicted. There are several 
possible sources of error that may have contributed to this deviation. First, spin 
quantitation of small amplitude overlapping signals is extremely difficult, and 
significant error {more than the reported error for the integrations of the S = 5/2 
signals, which is the standard deviation of the mean among data sets) may 
have been introduced in integration of the S -  5/2 EPR signals. Also, as was 
stated previously, assignment of the g = 7.3 inflection to an S -  5/2 spin system 
is tentative at best, since only one spectral inflection was observed. The 
assignment is plausible, for reasons previously stated, but certainly not 
definitive. Furthermore, integration by the method of Aasa and VflnngArd 
requires knowledge of all of the g-factors of an EPR spectrum.17 If, in fact, the 
assignment is incorrect and the g -  7.3 signal arises from some spin state other 
than S = 5/2, then it follows that the g-factor assignment is incorrect, the 
determination of D is incorrect, the population correction is in error, and thus 
the integrated area is incorrect. The assignment of the g = 6.67 and g = 5.30 
signals to an S = 5/2 spin system is much more reliable since 2 predicted g- 
factors were observed. Finally, the model assumes random statistics, meaning 
that the probability of the P ->■ P+ oxidation is the same as the P* -*■ P2*
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oxidation. This may not be the case, although the fit of the experimental data 
to the theoretical model indicates that the two probabilities are similar. If, for 
example, they were very different and P* was strongly favored, then all of the 
P* would be created before any of the P2+. This was not the case, as is readily 
apparent upon examination of Figure 5.6. It appears that the most significant 
source(s) of error are the assignment of the g = 7.3 signal and the integration of 
the g = 6.67 and g = 7,3 signals.
The EPR data indicates that P+ gives rise to at least two, and possibly 
three, different spin states. Mixed spin states in transition metal clusters are 
not unprecedented. In fact, the nitrogenase component 2 protein, which 
contains an Fe4S4 cluster, exhibits mixed-spin EPR spectra with an S = 3/2 and 
S = 1/2 signal which are apparently at equilibrium.18'20 In the case of Av2, the 
mixed spin state may be due to conformational differences in the cluster and/or 
the polypeptide ligands binding the cluster, since the equilibrium between the 
two spin states can be shifted by changing the solvent.18'20 If we view P+ in this 
manner, then the paramagnetism of the 1-equivalent oxidized cluster could be 
delocalized upon the entire double-cubane cluster, and conformational 
differences stabilize the various possible spin states. The second oxidation 
step would then create P2+, which would exhibit the integer spin EPR signal at g 
-  116, Alternatively, if we think of the P-ctuster as a double-cubane structure, 
consisting of two Fe4S4 oxidation sites, then the P* species would be formed by 
oxidation of one or the other cubane. Oxidation of the second cubane in the P-
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cluster would give rise to a second paramagnetic species which would couple 
with the first to form the integer-spin species, giving rise to the P2+ signal at g = 
11.6. In this case, formation of P2* occurs by two separate oxidations of P- 
cluster halves, which may explain why the oxidations P P* and P -»■ P2+ 
appear to be equally probable.
In conclusion, it has been demonstrated that the P-clusters of Av1 may 
be oxidized 1 equivalent at a time to form the species P+, which gives rise to S 
= 1/2 and proposed S = 5/2 spin states that are observable by EPR 
spectroscopy. The second oxidizing step forms P2*, an integer-spin (proposed 
S = 3) species observable in parallel9'11 and perpendicular mode11 EPR. A 
theoretical model which assumes equal probability for both oxidation steps 
gives a reasonable fit to the experimental data, supporting the assertion that 
the P2+ species is ultimately formed by two single equivalent oxidations of the 
P-clusters, one equivalent at a time. It remains to be shown if any of the P°* 
states are relevant to the physiological function of Av1.
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Chapter 6 Oxidative Titration of the Enzymatically Reduced VFe 
Protein of Azotobacter vinelandii
6.1 Introduction
Azotobacter vinelandii expresses an alternative form of nitrogenase with 
V replacing Mo as the M-center heteroatom in the component 1 protein (AvT).1' 
3 The vanadium system expresses a distinct component 2 protein (Av2’) which 
appears to be very similar in structure to Av2. Although crystallographic data is 
not available for AvT, amino acid sequence homology,4 .metal analysis,3 
EXAFS spectroscopy,5-8 and Mdssbauer spectroscopy9 10 .indicate striking 
similarities to Av1. EXAFS and MOssbauer studies of AvT have yielded 
spectra that are very similar to those observed in studies of Av1, strengthening 
the proposal that Av1 and AvT have virtually identical metal cluster 
composition.
In Chapter 5, an oxidation study of the MoFe nitrogenase of Azotobacter 
vinelandii was presented and a simple probability model was proposed to 
model P-cluster behavior during oxidative titrations, as monitored by EPR 
spectroscopy. It was demonstrated that the P-clusters in Av1 could be oxidized 
by one equivalent to form the paramagnetic species P+, with spin states of S = 
5/2 and S = 1/2. EPR signals arising from these paramagnetic species attain 
maximal area at the 2-equivalent oxidized step of the titration, and disappear by 
the 4-equivalent oxidized step. During the initial steps of the titration a low field 
signal at g = 11.6 grows in. attaining maximum amplitude at 4-oxidizing 
equivalents. This signal was previously assigned to an integer spin system (S
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= 3) in P2+, the two equivalent oxidized P-cluster1113 The variation of the 
relative EPR signal areas of the S = n/2 {P+) and S = 3 (P2*) species gives a 
reasonable fit to the proposed random probability model for P-cluster oxidation 
The reduction of dinitrogen to ammonia is a redox process, so an 
understanding of the possible redox states available to the nitrogenase metal 
clusters may be fundamental to elucidating the mechanism of nitrogenase 
catalysis.
To better understand the analogous oxidation states of the metal 
clusters in V-nitrogenase, an EPR spectroscopic study of the oxidative titration 
of V-containing Av1' was conducted. In the as-isolated state, the vanadium 
cofactor (M-center) of Av1’ is similar to the M-center of Av1 in that it is a 
paramagnetic, EPR-active species with S = 3/2.314 Unlike the spectrum of Av1, 
the EPR spectrum of as-isolated Av1' contains an additional axial S = 1/2 signal 
which has not been unequivocally assigned. As-isolated AvT also displays S = 
5/2 EPR signals very similar to those associated with the 1-equivalent oxidized 
P-cluster (P*) in Av115 These P* signals can be removed by enzymatic 
reduction of AvT without change to the S = 3/2 vanadium cofactor signal, thus 
demonstrating that the P-clusters may be reduced enzymatically by Av2\ 
Oxidative titrations of enzymatically reduced AvT reveal the concurrent 
oxidation of both clusters in this protein compared to the consecutive oxidation 
observed with Av1.
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A novel form of Avi', called A v 1'a , has recently been isolated and 
characterized in this laboratory 16 A v 1'a appears to be an a p 2 trimer containing 
only one M-center, one complete P-cluster and an additional Fe4S4 cluster In 
its as-isolated state, Av1 'A exhibits an EPR spectrum very similar to the 
tetrameric form of Av1’ mentioned above {now called Av1’B), and is similarly 
enzymatically reducible, resulting in EPR-silent P-clusters. However, the 
oxidation behavior of enzymatically reduced A v 1'a , as observed by EPR 
spectroscopy, is strikingly different from that of Av1’e. We believe that we 
observe a redox gating of electron flow in A v 1'a where a redox-induced 
conformational change in A v 1’a produces an intramolecular electron transfer 
from reduced P-clusters to oxidized M-centers, an event that may be 
fundamental to the catalytic role of nitrogenase.
6.2 Experimental
Vanadium-containing nitrogenase was purified from the LS-15 mutant 
strain of Azotobacter vinelandii using a variation of previously published 
methods17 modified16 to separate forms Av1 ’A and Av1 'B. The specific activity of 
purified VFe protein (Av1’)p as determined by acetylene reduction assay, 
ranged from 200-260 nmol C2H2 reduced m in.1 mg'1 protein. All purification 
steps were conducted under anaerobic conditions in the presence of 2 mM 
sodium dithionite. Protein concentration was determined by the Biuret method 
Purified protein was frozen and stored in liquid nitrogen.
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The metal clusters of Av1’ were reduced enzymatically to their "native" 
forms prior to performing oxidative titrations. This reduction was effected by 
incubating Av1' with Av2’ in the presence of Mg-ATP and sodium dithionite.
The reduction reaction mixtures consisted of AvT and Av2' in a 20:1 molar 
ratio, Mg-ATP in 20-fold molar excess to AvT, and a 50-fold molar excess of 
sodium dithionite in 0.025 M Tris-HCI pH 7,4 with 0 1M NaCI. The enzymatic 
reduction was conducted at ambient temperature in a Vacuum Atmospheres 
glove box under an Ar atmosphere with [O2 ] < 2 ppm. The enzymatic reaction 
was allowed to go to completion (20 min) after which the excess sodium 
dithionite and Mg-ADP were removed by gel filtration with Sephadex G-25, 
using the same buffer (without sodium dithionite) as the eluent. The eluted 
protein fractions were monitored for residual sodium dithionite with methyl 
viologen indicator. Final concentration of AvT ranged from 13-25 mg/ml.
Oxidative titrations were performed using solutions of thionine (Eastman) 
or indigosulfonate (ICN), which were prepared in anaerobic 0.025 M Tris-HCI 
pH 7 4 with 0 1 M NaCI, and filtered with 0.2-pm syringe filters to remove any 
undissolved oxidant. Using the procedure established for oxidative titration of 
the MoFe protein,151819 reduced AvT was divided into equal aliquots which 
were titrated to endpoint, as indicated by persistent color of the oxidant After 
establishing the volume of oxidant necessary to reach the endpoint, separate 
aliquots of protein were titrated incrementally with smaller volumes of oxidant 
calculated to assure that there would be at least 6 equal steps before reaching
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the apparent endpoint. Titrations were carried past the observed endpoint, to 
assure maximum oxidation of the metal centers. Titrated samples were allowed 
to equilibrate for at least 30 min. before loading into quartz EPR tubes and 
freezing in liquid nitrogen. For reference, aliquots of untitrated reduced protein 
were similarly allowed to stand in the glove box for the duration of the titration 
procedure, loaded into EPR tubes and frozen simultaneously with the titrated 
samples.
EPR spectra were recorded on a computer-interfaced Bruker 300D 
spectrometer with ESP 200 data collection software. The instrument was fitted 
with a TE 1 0 2  perpendicular-mode cavity resonating at X-band frequencies An 
Oxford Instruments ESR-900 helium flow cryostat was used to generate low 
temperatures. Temperature was monitored and controlled with an Oxford 
Instruments ITC-4 temperature controller connected to an FeAu/chromel 
thermocouple positioned directly below the sample tube.
Values for D (the axial zero field splitting parameter) were determined by 
curve fitting Boltzmann distribution expressions for the relative populations of 
the doublets in question to Curie taw corrected spectral areas recorded in 
temperature-dependent depopulation experiments. The expressions used 
were: AT = e ‘6WkT/(1 + e'2DlkT + e'6D/*T) and AT = e 3 5DlkT/(1 + e'3 5D/kT + e'
7DlkT) for the |±1/2> doublet of the inverted S = 5/2 system and the |±3/2> 
doublet of the rhombic S = 5/2 spin system, respectively, where A is the 
integrated signal area, T is the absolute temperature and k is the Boltzmann
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constant. EPR spectral assignments were done using "RHOMBO", which was 
supplied to us by Professor W. R. Hagen,21 
6.3. Results
Prior to performing a controlled oxidative titration of a multi-cluster 
protem, it is imperative that all of the clusters be fully reduced. However, recent 
Mdssbauer studies of as-isolated Av1' have indicated the presence of oxidized 
P-clusters.9 This situation can be contrasted to that of the MoFe protein (Av1) 
under the same conditions where both cluster types exist only in their reduced 
native (P and M) forms.10 Mdssbauer spectroscopy has also demonstrated that 
full reduction of the Av1’ clusters to their P and M states occurs following the 
limited enzymatic reduction (described above) without any of the M-centers 
existing in the "super-reduced” state 9
The presence of oxidized P-clusters in as-isolated AvT can also be 
detected in the EPR spectrum of this protein. Previous oxidative titrations of 
Av1 strongly suggest that singly oxidized P-clusters (P+) give rise to S = 1/2 
and S = 5/2 EPR signals that reach maximal amplitude at 2 oxidizing 
equivalents per protein.15 Figure 6 1 compares the EPR spectra in the g ~ 3- 
12 region of as-isolated Av1’B, enzymatically reduced Av1'B, and 2-equivalent 
thionine oxidized Av1. The difference spectrum (Fig. 6.1C) of as-isolated (Fig.
6.1 A) minus enzymatically reduced Av1'B (Fig, 6.1B) reveals a broad inflection 
at g = 4.3 and inflections at g = 6.67 and 5.2. We have observed these 
inflections in numerous difference spectra and do not feel that they are
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g -  6.67 5.68 5.45 4.34
5.3
Figure 6.1 EPR spectra of the g = 3 -12 region of (A), as-isotated Av1’B; (B), 
enzymatically reduced Av1'a; (C), a difference spectrum (C = A - B); and (D), 2- 
equivalent oxidized Av1. The large off-scale features in (D) are the 5 = 3/2 FeMo 
cofactor signals at g = 4.3 and g = 3 7 The spectra are normalized for protein 
concentration and instrument gam EPR spectrometer conditions: microwave 
frequency, 9 45 GHz; modulation frequency, 100 kHz; modulation amplitude, 1.0 mT; 
microwave power, 20 mW, temperature, 12 K (A, B, and C), 16 K (D)
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subtraction artifacts. The spin state of the broad absorbance-shaped inflection 
centered at g = 4.3 is unknown, but this signal presumably arises from an 
oxidized cluster of Av1’B (see Discussion) A similar signal is not observed 
during the oxidation of A v t; however, its presence may be masked by the 
intense g = 4 34 inflection of the paramagnetic M-center (FeMoco). The 
remaining inflections at g = 6.67 and 5.2 are associated with an excited state, 
as determined by temperature studies. These signals may be tentatively 
assigned to the excited |±1/2> doublet of an inverted S = 5/2 spin system with 
D = -1 6 cm ± .22 cm 1 and rhombicity E/D = 0.029. Partially oxidized Av1 
protein (P -► P+, Fig. 6.1D) shows analogous signals at g -  6.67 and g = 5 30 
similarly assigned to the |±1/2> doublet of an S = 5/2 spin system with D = -3.2 
± 20 cm 1 and E/D = 0 029.15 The slightly broader g = 6.67 signal in Av1’e 
compared to that in Av1 may indicate a greater heterogeneity in the 
environment of the P-clusters in the former protein.
The spectrum of as-isolated Av1'0 (Fig. 6.1A) also shows the S = 3/2 
signal of the M-centers (FeVco) which arises from the ground and excited 
doublets of an inverted (D = -0 74 cm'1) spin system with g-factors of 5.68 and 
5.45 (E/D = 0.29). Previously observed g-factors were 5.80 and 5.40.12 We 
observe these g-factors to change to 5.71 and 5.42 (E/D -  0.28) upon 
enzymatic reduction (Fig. 6.2). It is possible that this change arises from a 
change in paramagnetic interaction between the oxidized P-clusters and the 





Figure 6.2 Low-temperature EPR spectra of the cofactor in as-isolated and 
enzymatically reduced Av1 B, As-isolated Av1 B exhibits g -factors of 5 68 and 5 45 
Enzymatic reduction results in a change in rhombicity with an observed shift to g = 
5 71 and g = 5 42 The spectra are normalized for protein concentration and 
instrument gain EPR spectrometer conditions microwave frequency, 9.45 GHz; 
modulation frequency, 100 kHz, modulation amplitude, 6 mT, microwave power, 20 
mW; temperature, 3 2 K
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P-clusters to their native diamagnetic state would remove this interaction 
However, previous studies of Av1 have shown that oxidation of the P-clusters 
to the P+ state does not change the rhombicity of the cofactor (FeMoco), but 
does produce changes in its spin relaxation behavior.18 Furthermore, 
paramagnetic interactions usually result in line broadening, which is opposite to 
what is observed with Av1'B While it is questionable that spectral broadening 
occurred, it is clear that the rhombicity (E/D) of the cofactor signal in Av1’B 
decreases as the P-clusters become oxidized. This change in rhombicity 
implies a structural change about the cofactor upon oxidation of the P-clusters 
Oxidative titrations of enzymatically reduced Av1 B were performed and 
monitored by EPR spectroscopy Changes in the EPR spectrum (recorded at 
12 K) of the g -  5-8 region during a thionine titration are shown in Figures 6 3 
and 6.4. In this region of the spectrum, enzymatically reduced Av1’B (Fig. 6.3A) 
exhibits EPR signals associated with the vanadium cofactor (g = 5.71 and g -  
5 42) along with a small, sharp inflection at g = 4.34, A 1.5 equivalent/protein 
oxidation (Fig. 6.3B) restores both the g = 6.67 and the broad g = 4.3 EPR 
signals previously observed in as-isolated AvTB (Fig. 6.1 A), while slightly 
diminishing the vanadium cofactor signal Superimposed on the broad g -  4.3 
signal is a sharp inflection at g -  4,34 which increases in intensity upon further 
oxidation (Fig. 6.3C and 6 3D) Oxidation by 3 equivalents (Fig. 6 3C) results in 
a further attenuation of the Avt' cofactor signal by approximately 50% yet 
enhances the g = 6.67 and g = 4.3 signals to their maximal amplitude. Finally,
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H =  6.67 5.71 5.42 4.34
Figure 6.3 EPR spectra of thionine-titrated enzymatically reduced Av1 e (A), 
Enzymatically reduced Av1 'B; (B) reduced Av1 B titrated with 1 5 equivalents of 
thionine, in which the inflections at g = 6 67 and g = 4.3 have reappeared; (C), 3- 
equivalent oxidized Av1'B and (D), 6-equivalent oxidized Av1'B. EPR spectrometer 
conditions microwave frequency, 9 45 GHz; modulation frequency, 100 kHz; 




O x i d i z i n g  E q u i v a l e n t s
F ig u re  6.4 Top Relative EPR spectral areas of the S = 5/2 (P*) s ignal at g  = 6.67 
and the S = 3/2 VFe co facto r signal as a function of oxid izing equ iva lents 
Experim enta l data {□ )  for the g = 6 67 (P ')  signal and a theore tica l line {— ) calcu lated 
with the random  probability P -cluster oxidation model (see text) are show n Also, the 
area of the S -  3/2 cofactor signal (A) is plotted along w ith a tine ( —  ) in terpolated 
through the data points Bottom Experim enta l data (O ) for the re lative signal area of 
the S = 3 (P^*) signal w ith g -  11 5 plotted along with the theore tica l m odels. The 
random  oxidation model is represented by (— ) and the consecu tive  m odel by ( )
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except for the sharp line at g = 4 34, all of the spectral signals of Av1’B 
decrease in amplitude upon further oxidation (Figs. 6 3D and 6.4).
The as-isolated VFe protein also exhibits an axial S = 1/2 EPR signal 
with inflections at g = 2 04 and g = 1.93 (Fig 6.5A) 12 The origin of this signal 
is currently unknown but it is presumed to be associated with either the P- 
clusters or M-centers During enzymatic reduction this signal was occasionally, 
but not always, removed. In the cases where it was not removed by enzymatic 
reduction (Fig 6 5B), it disappeared upon introduction of the first aliquot (< 1 
equivalent) of oxidant (Fig 6.5C). On the other hand, in those cases where this 
signal was removed by enzymatic reduction (Fig. 6.5D), it reappeared upon 
introduction of the first aliquot of titrant (Fig 6 5E), and was subsequently 
abolished by the addition of the second aliquot (similar to Fig. 6.5C), suggesting 
that it may represent a minor component of the protein.
Oxidation of Av1 has been shown to induce a 2-equivalent-oxidized P- 
cluster species (P2+) which gives rise to an integer-spin EPR signal.11'13 This 
signal has been assigned to an excited state doublet of an S = 3 or 4 spin 
system and, typical of integer-spin EPR signals, exhibits absorptions in both 
parallel and perpendicular mode EPR with g-factors of 11 9 and 116, 
respectively. A similar EPR signal, at g -  11.5 in perpendicular-mode (Fig, 6.6) 
and g ~  12 8 in parallel mode (not shown), is generated during thionine 
oxidation of Av1'B This signal attains maximal amplitude at the 6-equivalent- 
oxidized step in the titration and may be assigned to the 2-equivalent-oxidized
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Figure 6.5. EPR spectra of the g = 2 region of Av1’B, (A), As-isolated Av1'0 
showing the axial S = 1/2 signal with g = 1 93 and g = 2,04; (B), enzymatically reduced 
Av1 a in which the S = 1/2 signal was not removed; (C). thiomne oxidized Av1'B (< 1 
equivalent), in which the S = 1/2 signal has disappeared; (D), enzymatically reduced 
A v 1 ' b in which the S = 1/2 signal is not present; (E), thionine titrated Av1’B in which the 
S = 1/2 signal was restored by the first aliquot (< 1 equivalent) of titrant This last 
signal was removed by addition of the next aliquot of titrant, EPR spectrometer 
conditions microwave frequency, 9 45 GHz; modulation frequency, 100 kHz; 
modulation amplitude, 10 mT, microwave power, 20 mW; temperature, 12 K
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P-cluster (P2*). Temperature studies indicate that it arises from a ground-state 
transition of a probable 5 = 3  spin system, in contrast to the integer spin signal 




Figure 6.6 Perpendicular-mode EPR spectrum of 6-equivalent oxidized Av1 V  
showing a signal at g -  115  which arises from the integer-spin state (S = 3) of P *
EPR spectrometer conditions microwave frequency, 9 45 GHz; modulation frequency, 
100 kHz; modulation amplitude, 1 0  mT; microwave power, 20 mW; temperature, 3 2 
K
A second form of AvT called A v 1'a , has recently been isolated and 
characterized.16 It has been determined to have an ap2 conformation, as 
opposed to the a 2p2 structure of A v T b. This form contains only one cofactor 
and one P-cluster in the «p half of the protein with an additional Fe4S4 cluster in 
the second p subunit. In spite of its smaller subunit structure, A v T a is still 
enzymatically active, exhibiting approximately 75% of the specific activity of
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form A v 1'b in acetylene reduction assays. However, oxidative titrations of A v 1'a 
yield very different spectral data from those described above for Av1'B.
The 12 K EPR spectrum (g = 4-12 region) of as-isolated A v 1’a (Fig 6 7A) 
is indistinguishable from that of A v 1’b (Fig. 6.1 A), showing an inflection at g = 
6.67 (the P+ state of the P-clusters), two signals with g = 5.68 and 5 45 (the M 
state of the VFe cofactor) and a broad inflection at g = 4.3 with a sharper 
superimposed signal at g = 4.34. Enzymatic reduction of this species (Fig.
6 7B) is also similar to that of Av1’B, resulting in the attenuation of both the g =
6 67 and the broad g = 4.3 signals. The only new feature in the spectrum of 
enzymatically reduced A v T a is a minor sharp first-derivative-shaped signal at g 
= 4 31 (Fig 6.7B). However, the initial thionine oxidation of A v 1’a results in the 
oxidation of only the cofactor (M -*■ M+) without any detectable oxidation of the 
P-clusters to P*. This is exactly opposite of what occurs during the oxidation of 
Av1, where the P-clusters oxidize prior to the cofactor.151619. Also, during the 
initial oxidation of Av1'A, the new inflection at g = 4.31 (Fig. 6.7B) increases in 
amplitude, reaching a maximum at approximately 1 oxidizing equivalent vF:g. 
6.7C and Fig. 6.8) at which point the signal of the cofactor has disappeared. 
Addition of the next equivalent of oxidant produces a unique series of spectral 
changes, i.e., the g = 4,31 signal disappears while the signals of P+ (g = 6.67), 
the reduced cofactor M (g = 5.68, 4.45), and the broad absorbance (g = 4.3) all 
suddenly appear (Fig. 6.8). This sudden change suggests that the cofactor, 
oxidized during the initial titration, is re-reduced with a concurrent oxidation of
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6.67  5.68  5.45 4.34
4.31
Figure 6.7 EPR spectra of Av1’a (A), As-isolated Av1’a showing the S = 3/2 
cofactor signal, the S = 5/2 (P*) signal at g = 6.67, and the broad inflection at g = 4, 
(B). enzymatically reduced Av1'a showing a sharp inflection at g = 4.31 and loss of 
both the P* signal at g -  6 67 and the broad inflection at g -  4; (C), 1-equivalent 
oxidized Av1'a, showing the g = 5 31 signal at maximal amplitude while the 5  = 3/2 
cofactor signal has been abolished; (D). 1 2-equivalent oxidized Av1’a, showing the S 
= 5/2 (P*) and S = 3/2 cofactor signal which have returned to full amplitude; (E), 2 5- 
equivalent-oxidized Av1 A in which the P+ and cofactor signal have diminished EPR 
spectrometer conditions microwave frequency, 9 45 GHz; modulation frequency, 100 







O x i d i z i n g  E q u i v a l e n t s
Figure 6.8 Relative EPR signal areas of the S = 5/2 (P*) (A) and the S = 3/2 
co factor s ignals (□ ) in A v 1'a plotted as a function o f oxid izing equ iva len ts  The dashed 
and dotted lines represent predicted oxidation behavio r for the P -c luster and cofactor, 
respective ly, for the coupled (P P*) and (M ' —► M ) redox-gated e lectron flow 
between these clusters (see text)
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the P-cluster (P -> P* is coupled to M+ -► M). All of these new spectral 
changes gain maximal amplitude by the addition of the next (< 0 3 equivalent) 
equivalent of oxidant (Fig. 6.7D). After this point in the titration, the oxidative 
behavior of Av1 'A mimics that of Av1'B, with a simultaneous decrease of both 
the cofactor (M -► M+) and P* EPR signals (P+ -► P2*) as well as a loss of the 
broad inflection at g = 4.3 (Fig 6 7E and Fig. 6.8) During this final oxidation, a 
different first-derivative shaped inflection at g = 4.3 appears (Fig. 6.7E). This 
signal exhibits the same temperature dependence (|D| = 2.47 ± .22 cm 1) as the 
g ~ 4.3 signal observed in the later stages of the oxidative titration of 
enzymatically reduced Av1'B (Fig 6.3C) but differs from the signal (Fig. 6.7C) at 
g = 4.31 observed in the early stages of the oxidation of A v 1'a (|D| = 3 24 ± .22 
cm'1).
The EPR spectrum of the P2+ state in A v 1'a was investigated at 3.2 K 
(Fig 6.9) At this temperature, the spectrum of the 1-equivalent oxidized 
species (Fig. 6.9A) exhibits the same derivative-shaped inflection at g = 4.31 
and attenuated vanadium cofactor signal observed at 12 K (Fig. 6.7). Following 
a 1 2-equivalent-oxidation of A v 1'a (Fig, 6.9B), the EPR spectrum of the 
reduced cofactor reappears along with a broad inflection at g = 4.3 (as 
observed at 12 K) along with the first indication of a broad inflection at g = 113  
identical to the integer-spin species previously assigned to P2+ (Fig. 6.6). This 
signal gains maximum amplitude with approximately 3 equivalents (Fig. 6.9C) 
while the amplitude of the S = 3/2 cofactor signal has diminished and the
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inflection at g ~ 4.3 has increased Finally, it should be noted that the g = 6 67 
signal assigned to P+ (Fig. 6.7D) is not visible in these low-temperature spectra 
(Fig 6.9) since it arises from an excited-state doublet
s = 11.5 5.68 5.45 4.31
Figure 6.9 EPR spectra of thionine-oxidized Av1’a (A), 1-equivalent-oxidized 
Av1 A showing the attenuated S = 3/2 cofactor signal and an inflection at g -  4.31; (B). 
1 2-equivalent-oxidized Av1'a showing the restored cofactor signal and the 
disappearance of the inflection at g = 4 31, (C). 2 5-equivalent oxidized Av1'a showing 
the proposed S = 3 (Pa+) signal and the diminished cofactor signal, along with a first- 
derivative shaped inflection at g = 4 34
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6.4 Discussion
Av1 ’ in its as-isolated state (in the presence of 2 mM dithionite) contains 
oxidized P-clusters, as evidenced by the S -  5/2 EPR signal at g = 6.67 (Fig.
6 1 A) which is very similar to the one previously assigned to P* in 2-equivalent 
oxidized Av1 15 Also, MOssbauer studies9 clearly demonstrate that as-isolated 
Av1' contains a mixture of oxidized and reduced P-clusters and M-centers. 
Attempts at chemical reduction of the P-clusters using 10 mM dithionite and the 
redox mediators methyl viologen and benzyl viologen have been unsuccessful. 
However, full reduction of the clusters in Av1' to their "native" forms can be 
effected through enzymatic reduction with a small mount of Av2’ and excess 
MgATP in the presence of dithionite. The reduction is verifiable by both EPR 
(Fig 6 2B) and MOssbauer spectroscopy.9 These results are significant for two 
reasons. First, they suggest that the clusters of Av1' have redox midpoint 
potentials lower than the clusters in Av1 (since all the clusters in the latter 
protein are fully reduced in the presence of 2 mM dithionite and methyl 
viologen). Second, and perhaps more importantly, these results demonstrate 
that enzymatic reduction is able to reduce oxidized P-clusters. Although the 
enzymatic role of P-clusters is unknown, it has been proposed that they serve 
to mediate electron transfer from component 2 to the M-centers (as opposed to 
component 2 reducing the M-centers directly). The EPR data presented here 
along with the previously cited MOssbauer studies clearly demonstrate that
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oxidized P-clusters can be reduced by component 2, thus strengthening this 
proposal.
Previous oxidative titrations of Av1 showed that the native-state <P°) P- 
clusters could be oxidized by one equivalent, generating p + 1510 Further 
oxidation converted the P-clusters into the 2-equivalent oxidized state (P* -*•
P2*) with an apparent mid-point potential approximately identical to that of the 
first oxidation step. The EPR spectrum of P+ in Av1 revealed both S = 5/2 and 
S = 1/2 spin states. The presence of nearly identical S = 5/2 inflections in the 
spectra of partially oxidized AvT (Figs. 6.1C and Fig. 6.3B) clearly establishes 
the existence of similar P+ states in this protein. The S = 1/2 EPR signal 
assigned to the P+ state in Av1 is not observed in as-isolated or thionine 
oxidized Av1’.2122 Apparently, the S = 5/2 signals represent the presence of 
the P+ state in both proteins, while the S = 1/2 signal appears to be a minor 
component (-10% ) unique to the MoFe-protein If the S = 1/2 and 5/2 spin 
states assigned to P+ in Av1 represent the one-equivalent oxidation of separate 
Fe4S4 units at opposite halves of the P-cluster pair and the mid-point potentials 
(P -*■ P+) for the two units are similar, then the units are randomly oxidized and 
both P+ spin states will be observed during the oxidative titration of the protein, 
as is the case for Av1 1518 If the midpoint potentials of the two units are 
significantly different, then the oxidation of one will be preferred over the other 
So, if this model holds, the oxidation profile of AvT should be different from that 
of Av1 Av1 has been shown to approximate the random oxidation model,
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yielding statistical amounts of P+ and P2* as an oxidative titration proceeds 15 
If, in fact, the P* state that gives rise to the g = 6.67 EPR signal in Av1 ’ is 
electrochemically favored, then no P2+ should be generated until after all of the 
P* has been produced, and should lag the production of P2+ in Av1 The 
theoretically predicted formations of P2+ for both of these situations are shown 
in Fig. 6 4B where it can be seen that there is a lag in the formation of P2*, thus 
strengthening the hypothesis that the S = 1/2 and 5/2 spin states of Av1 P+ 
represent separate oxidations of the two Fe4S4 units of the P-cluster
The broad absorption-shaped signal {Figs. 6.1, 6.3 and 6.7) centered at 
g = 4 3 is very likely associated with P+ since it is only observed when the g =
6 67 S = 5/2 signal is also present in either A v T a or Av1’B. In the oxidative 
titrations of Av1’Aand Av1’B, the g -  4.3 signal mimics the amplitude variation of 
the S = 5/2 P+ signal. Also, in the initial oxidation of A v T a, during which only 
the M-centers are oxidized (M -*■ M+) while the P-clusters remain reduced, the g 
= 4 3  signal is not generated {Fig. 6 7) When the P-cluster signal at g = 6 67 is 
restored, so is the signal at g = 4.3. Other than the fact that this broad g ~ 4.3 
signal obviously arises from a state with S > 1/2, the observation of only one 
inflection makes the identification of the spin state of this signal ambiguous.
During the oxidation of AvT, a sharp inflection appears at g = 4.34 (Figs 
6.3D and 6.7E) which increases in intensity as more oxidant is added. This 
inflection is still present following the oxidation of both metal clusters in AvT (M 
-► M* and P -»■ P2*) Addition of oxidant beyond this 6-equivalent point results
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in a decrease in the intensity of the P2* signal with a further increase in the 
amplitude of the sharp g ~ 4 34 inflection. At this point in the titration it was 
also noted that AvT was starting to become irreversibly inactivated. Signals in 
the region of g = 4 34 often reflect the presence of adventitously bound high- 
spin iron. Therefore, these results suggest that the g = 4.34 signal may arise 
from the oxidative destruction of one or both of the metal clusters in AvT By 
comparison, Av1 has been oxidized to the P3+ (S = 7/2) state {a state not 
observed by us in AvT) without detectable inactivation.13
The oxidative titration of Av1B (Figs 6.3 and 6.4) illustrates the 
concurrent oxidation of both the P-clusters and M-centers. This situation differs 
from the analogous oxidation of Av1 using thionine, which shows a 2-equivalent 
oxidation of the P-clusters to the P2* state preceding the oxidation of the M- 
centers 151819 and suggests similar redox mid-point potentials for both metal 
clusters in the Av1'B protein. At present it is unknown whether either the similar 
redox potentials of the clusters in Av1'B or the fact that both of these potentials 
are more negative than those of the corresponding clusters in Av1 has any 
correlation with the apparent lower substrate-reduction efficiency of the 
vanadium form of the enzyme 13
The 2-equivalent oxidation of the P-clusters (P P2*) in various MoFe 
proteins has been shown to yield an integer spin state.11'13 Except for the 
protein isolated from Xanthobacter autotrophicus (Xa1)12, where P2+ exhibits a 
ground-state EPR signal with g = 15.6, all previously observed P2* EPR signals
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have occurred in the g = 12 region and are associated with excited states. The 
P2* state in both Av 1’a and Av1'B similarly {Figs. 6.5 and 6 9) exhibits an EPR 
signal in the g = 12 region associated with an integer spin state, as verified by 
parallel mode EPR spectroscopy, (kindly performed for us by Dr. Michael 
Finnegan in Professor Michael Johnson s lab at the University of Georgia) 
However, unlike the analogous signal in the MoFe proteins, temperature 
studies indicate that the signal in the Vfe protein arises from a ground state 
The ground state of a non-inverted integer-spin system is a singlet, where no 
EPR transitions are possible, so the observed signal at g = 11.5 most likely 
represents the transition A = 2 S of an integer spin system with negative 
zero-field splitting (D  < 0) and the restriction g < 4S. Using these restrictions 
with g = 12.8 determined by parallel mode EPR, this inflection can be assigned 
to an S = 3 state.
The behavior of A v 1'a during an oxidative titration (Fig. 6.7) is highly 
unusual. To explain this behavior, a model will be proposed which presumes 
the existence of two different redox forms of this protein, called A v 1'a1 and 
A v 1'A2 Form Av1‘A1 is generated during the initial enzymatic reduction of the 
protein. In this protein, the M-centers have a redox mid-point potential more 
negative than that of the P-clusters and, therefore, oxidize first upon addition of 
thionine Following oxidation of the M-centers, Av1’A1 converts to form AvV^  
upon addition of more oxidant to the medium To trigger this conversion, A v 1'a1 
must possess a redox receptor that responds to the environmental potential.
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The only known redox active sites in component 1 are the M-centers, the P- 
clusters and the Fe4S4 cluster in A v 1’a, Since the M-centers have already been 
oxidized, it is doubtful that they will respond to further oxidation The same is 
true for the Fe4S4 cluster which is also oxidized (and EPR silent) at this point in 
the oxidation. Also, it is difficult to rationalize the Fe4S4 acting as the redox 
receptor since it is probably over 67 A from both the cofactor and P-cluster. 
Therefore, the most likely candidate for the redox receptor is the reduced P- 
cluster In other words, it must be the establishment of the equilibrium P-» P+ + 
e- in A v 1'a1 that triggers its conversion into AvV^, Form A vT ^  has a redox 
profile like that of Av1’B discussed above, where the mid-point potential of the 
M-center is slightly more positive than that of the P-clusters. Because of this, 
the initial oxidation of the P-clusters induces the conversion of Av1'A1 to AvT^, 
inverting the relative redox potentials of the two metal clusters and promoting a 
redistribution of the electrons in the protein, and electrons flow from the P- 
clusters to reduce the previously oxidized M-centers.
Why is this phenomenon only observed in Av 1'a and not in Av1'B? The 
major structural difference between A v 1'a and AvTB is the absence of an a  
subunit in Av1 'A. The absence of this subunit appears to render Av1 'A 
susceptible to a P-cluster oxidation-induced change from Av1'A1 to A vt'^  which 
gates the oxidation changes [P -> P* and M* MJ. A similar coupling of the 
oxidation of the P-clusters with a concurrent reduction of the M-center may also 
take place in Av1'B or the MoFe protein but may occur at a different redox level,
outside the range of these titrations. Obviously, this coupling would be 
mechanistically important because it would force the cofactor into a more 
reduced state, possibly necessary for N2  reduction Even though redox gating 
is not observed during the oxidative titration of Av1'B, the observed change in 
rhombicity (Fig 6 2) of the S = 3/2 cofactor signal upon P-cluster oxidation does 
suggest a coupling between P-cluster oxidation and structure about the 
cofactor Similar couplings have already been proposed to occur during 
catalysis.23
How does the oxidation of the P-cluster induce a redox and rhombicity
change detected at the cofactor? The structure of component 1 may suggest a
possible mechanism for the coupling of redox and conformational changes An
aspect of the P-cluster structure not typically observed in Fe-S clusters is the
bridging of the cluster between different subunits. An analogous situation
exists in the component 2 protein where a single Fe4S4 cluster is bridged
between identical subunits.2* In component 2, MgATP binding, which has been
proposed to occur about 20 A from the Fe4S4 cluster, induces a dramatic
lowering of the mid-point potential of the cluster and changes the rhombicity of
the EPR spectrum of the reduced cluster.25 Small angle x-ray scattering
studies have shown that MgATP binding induces a conformational change in 
*
the protein,26 Also, MgATP binding to component 2 greatly enhances the 
chelation of the [4Fe-4S] cluster by bathophenanthrolinedisulfonate 27 In other 
words. MgATP binding to component 2 induces both a conformational change
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in the protein as well as a change in redox mid-point and spectral rhombicity of 
the cluster, i.e.. conformational and redox changes are coupled in component 
2. Therefore, it would not be unexpected that a similar situation exists in 
component 1 where a redox change in the P-cluster induces a conformational 
shift from A v 1’a1 to A v 1'A2. In summary, it may be found that the bridging of a 
metal cluster between different subunits of a protein is an effective way of 
coupling a redox change in the cluster with a conformational change in the 
protein.
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The Fe K-edge EXAFS studies of Av1 and Av1’ reported in Chapter 3 
resulted in the assignment of a number of absorber-backscatterer interacations, 
which corroborate and extend previous EXAFS studies. This is the first Fe 
EXAFS reported on the intact nrtrogenase component 1 Assuming a 
symmetrical M-center structure, plausible distance assignments were made in 
the cofactor model. Furthermore, a long 4.3 A Fe-S interaction which had been 
previously unreported was modeled in the EXAFS analysis of Av1 and Av1’.
The fact that this interaction was observable and reproducible argues strongly 
for significant symmetry in the cofactor cluster, since a very wide distance 
distribution at this great a distance would probably result in this interaction 
being unobservable. Perhaps this Fe-Fe interaction at 4.3 A and a very long 
Mo-Fe interaction at 5.09 A observed by us in Mo EXAFS (Chapter 4) may 
serve as useful constraints as the crystallographic models are refined.
EXAFS analysis can only determine an average distance value and 
cannot distinguish between P-cluster and M-center Fe-X interactions.
Obviously, the P-cluster Fe4S4 cubanes contribute greatly to the short distance 
EXAFS Fe-Fe and Fe-S interactions, and we observed a distribution of P- 
cluster and M-center interactions. Still, the distributions were not so broad that 
we could not fit and interpret the EXAFS reasonably, and assign an M-center 
model with little reference to the crystallographic data
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Thione oxidation of Av1 and Av1' had very small but reproducible effects 
on the EXAFS of both proteins. The short Fe-Te interaction at 2.7 A expanded 
slightly upon oxidation, and the short Fe-S interaction at 2,3 A contracted 
slightly Some change occurs upon oxidation, although it appears to be very 
small (see below).
Importantly, the Fe-EXAFS of Av1 and Av1' are strikingly similar. Fe- 
EXAFS of the intact nitrogenase component 1 probes all of the Fe in both types 
of clusters. Av1 and Av1’ have nearly identical EXAFS radial distance 
distributions. Even with the caveat that we are only observing average 
distances, it would seem highly unlikely that Av1' has a very different metal- 
cluster structure than Av1. Previously cited amino-acid analysis, metal 
analysis, and Mdssbauer spectroscopy also support the proposal that Av1 and 
Av1’ have very similar metal cluster structure. Since no one has been able to 
grow crystals of Av1', the Fe-EXAFS data reported here, previously cited 
EXAFS results, and the above mentioned corroborative data make the best 
argument available for metal cluster homology between Av1 and Av1'.
The EXAFS micro-analysis of Av1 in various oxidation states presented 
in Chapter 3 is somewhat speculative, since the distance differences between 
the proposed P-cluster and M-center Fe-Fe interaction that were modeled are 
slightly less than the generally accepted resolution limit for identical or similar 
atomic number backscatterers. Also, the changes observed for any particular 
absorber-backscatterer distance are very close to the accepted EXAFS
137
distance resolution of 0.02 A. Nevertheless, there were distinct observable 
trends in the data.
First of all, the "split shell" model for the short Fe-Fe is chemically 
reasonable, since the M-center is proposed to contain mostly three coordinate 
Fe by the crystallographic model {except for the possibility of hydride 
coordination which cannot be ruled out conclusively), and probably has a tighter 
structure and shorter Fe-Fe distances for this interaction than the cubane P- 
cluster Furthermore, both crystallogiaphers cited model this distance as 
shorter in the M-center than in the P-cluster. Also, the original fits attempted on 
IDS oxidized Av1 using "true” coordination numbers gotten by inspection of the 
crystal models yielded a very large root mean square deviation for the short Fe- 
Fe interaction at 2.65 A. Armed with these observations, it seemed logical to 
attempt a "split shell" model on Av1 in various oxidation states.
Consistent trends in the short metal-metal interactions emerged as a 
function of oxidation state. The short metal-metal interactions were observed to 
contract as Av1 became more reduced. The short Fe-S interaction at 2.65 A 
was observed to expand slightly. The proposed M-center short Fe-Fe distance 
approaches that of Fe-Fe bonding interactions in the reduced (P/M ) Av1. This 
state is proposed to be competent to bind H \ so we may be observing M- 
center dimensions in a catalytically "activated” cofactor. Perhaps the most 
important result of the experiment is that very large changes were not observed 
over the oxidation range examined.
Now that strutural refinement of the nitrogenase protein and its metal 
clusters are proceeding rapidly and we have a more informed view of the 
clusters and their polypeptide environments, EXAFS and XANES can make the 
greatest contribution to nitrogenase research by exploring the mechanistic 
realm. We have taken some halting steps in this direction, but now it is 
imperative that we try to move toward studies of nitrogenase catalyzing the 
reduction of dinitrogen to ammonia. Unfortunately, spectroscopy and 
enzymology do not always have the smoothest of interfaces, and nitrogenase 
presents its own special problems, the most serious being the requirement for 
significant amounts of the component 2 protein in any reaction mixture that will 
reduce nitrogen. Also, concentration, salt, and viscosity effects may cause 
problems.
One suggested experiment is Mo EXAFS and XANES of high flux 
enzymatic turnover mixes. These could be done with H \ C2H2. and N2 as 
substrates, with no interference from component 2 Fe. Also, detectable 
concentrations of Av1 could be attained. Of course, no one knows what will 
happen to Av1 when the sample is frozen, even by rapid freeze techniques.
Will the frozen states resemble the catalytic states at all or will the protein relax 
from the purported "higher" En states required to reduce N2 during the freezing 
process? At any rate. Mo XANES and EXAFS could possibly yield some useful 
information about oxidation state, coordination, and distance changes in 
catalytically active samples..
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Mo and Fe L-edge studies are also a possibility Coupled with rapid 
freeze techniques, it may be possible to observe oxidation state changes, if 
they occur, in deep turnover samples. The component 2 Fe would give 
appreciable interference in the Fe L-edge studies, but it may be possible to 
subtract it L-edges are very sensitive to redox changes, so perhaps some 
evidence of the higher E„ states may be observable. The L-edge experiments 
would be difficult, both from a sample prep and x-ray detection perspective, but 
most of the easy x-ray experiments have been done.
7.2 EPR Spectroscopy
Oxidative titration of Av1 resulted in the observation and assignment of 
EPR signals proposed to arise from P+, or the 1-equivalent oxidized P-cluster. 
Previous to this work and the power saturation study by Dr. Melinda Oliver cited 
in Chapter 5, understanding of the possible stable P-cluster oxidation states 
was less clear. It had been proposed that the P-clusters oxidize in an n = 2 
process, going from P -*■ P2+. We have shown that a stable P+ redox state 
exists, which gives rise to the previously cited S = 1/2 EPR signal and the 
proposed S = 5/2 signals that we observed. Also, a simple probability model 
was proposed for P-cluster oxidation from P -► P*-» P2+ that fit the experimental 
data reasonably Elucidation of the possible redox states available to the P- 
clusters is important, since they may be directly involved in the catalytic 
process. The physiological relevance of the observed P-cluster oxidation 
states has yet to be demonstrated, but this writer has observed inflections
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matching those of the S = 1/2 P* EPR signal in CO inhibited enzymatic turnover 
samples.
The oxidative titrations performed on the vanadium nitrogenase, Av1', 
have yielded the most interesting and exciting observations of all, at least from 
a P-cluster perspective. Both forms of AvT, A v 1'a and Av1'B, show spectral 
evidence of oxidized P-clusters in the as-isolated protein that we have been 
unable to reduce chemically. We can, however, reduce these clusters 
enzymatically with the component 2 protein. In and of itself, this is an important 
result. It shows that the P-clusters get electrons somehow from component 2.
It does not show which way the electrons go first, or what route they take to 
reduce the P-clusters. Spectral evidence exists for M-center reduction, but no 
one has reported a direct EPR observation of the enzymatic reduction of the P- 
clusters. This result hints strongly at P-cluster involvement in the catalytic 
process of nitrogenase.
The oxidative titration behavior of enzymatically reduced AvT0 is similar 
but not identical to that of Av1. The P+ and the P2+ state can be induced by 
chemical oxidation, but they follow a consecutive rather than a random 
probabilistic oxidation profile. Also, unlike Av1, the M-centers oxidize 
concurrently with the P-clusters, indicating similar oxidation potentials. This 
may be related to the lower catalytic efficiency of AvT as compared to Avt, if 
an electron transfer takes place between the P-cluster and the M-center during 
catalysis.
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A v 1'a exhibits striking and exciting oxidation behavior. Like Av1’B, it is 
enzymatically reducible. However, the oxidative titration behavior of A v 1'a is 
much different than that of Av1'B. Instead of “titrating in" the P+ EPR signal, as 
in Av1 B and Av1, we "titrate out" the M-center signal in the initial stages of the 
titration. Upon the addition of the next aliquot of titrant after the M-center signal 
has been abolished, the M-center signal and the P* signal amazingly reappear 
We believe that we are observing a redox-gated electron transfer from the P- 
cluster to the M-center. The P-cluster "dumps’’ its electrons to the oxidized M- 
center. This sort of interaction has been widely speculated, but no strong 
spectral evidence has been reported for it.
EPR is a sensitive technique, and it could potentially be of great 
importance in further mechanistic studies of nitrogenase. Again, attempts 
should be made to at least approach the conditions where nitrogenase is 
actually reducing nitrogen. The reduced component 2 proteins are 
paramagnetic, and may cause significant problems in spectral interpretation. 
Also, there must be an adequate supply of reducing equivalents, ATP, and 
substrate available in the sample under consideration. None of these concerns 
are trivial, and constitute real difficulties in experimental design.
Further study of A v 1’a undergoing enzymatic turnover with various 
substrates and inhibitors may prove informative. Av 1'a is an active, although 
apparently somewhat amputated, nitrogenase variant in which we have made 
some interesting observations. If the intramolecular redox environment of A v 1'a
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enables us to observe the proposed redox gated electron flow between P and 
M+ in oxidative titrations, it may yield interesting results in enzymologic studies
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